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Efficient access to clean and renewable energy is a top global challenge in the 21st 
century. Global warming and population growth make the situation even more challenging 
and complex. Membrane technology holds great potential to harvest clean energy from 
untapped or underutilized energy sources. The objective of this research is to design 
advanced membranes by using nanomaterials and/or polymeric materials for several 
emerging membrane-based technologies that can harvest clean and renewable energy. 
Reverse electrodialysis (RED) is an ion-exchange membrane-based process that 
can extract useful work from salinity gradients. As key part of the RED system, ion 
exchange membranes (IEMs) are important factors to the success of future RED energy 
generation. This work presents the synthesis and characterization of a new kind of 
nanocomposite cation exchange membrane (CEM) by using multi-walled carbon 
nanotubes (CNTs) and sulfonated poly(2,6-dimethyl-1,4-phenyleneoxide) (SPPO). The 
nanocomposite CEMs showed simultaneous improvement of membrane anti-fouling 
performance and energy generation performance in the RED system.  
The origin of nanocomposite IEM property enhancement is far from being fully 
understood. By combining experimental work and computational modeling analysis, we 
were able to determine the influence of nanomaterials on the ion transport properties of 
nanocomposite CEMs. Modeling analysis suggests that the change of membrane properties 
is related to the change in membrane microstructure. With the addition of silica NPs, 
membrane porosity (volume fraction of intergel phase) increases so that membranes can 
absorb more water. Also, the volume fraction of sulfonated polymer segments increases, 
 xviii 
which can allow membranes to retain more counterions, leading to the increase of the 
membrane ion exchange capacity (IEC). By calculating the effective ion diffusion 
coefficients and membrane tortuosity factors of all the silica-NP-based nanocomposite 
CEMs synthesized in this study, along with nanocomposite CEMs from previous studies, 
we determined that membrane ion transport efficiency tends to increase with the 
incorporation of nanomaterials. 
Pressure retarded osmosis (PRO) is also a membrane-based technology used to 
extract salinity gradient power (SGP). The progress of PRO is largely hindered by the 
absence of cost-efficient high-performance membranes. This work demonstrates the 
application of freestanding graphene oxide membranes (GOMs) that can obtain high water 
flux and high-power density. Due to the elimination of membrane support layer, the 
effective driving force across the freestanding membrane can increase, thus both the water 
flux and power density increase. This study represents a step forward towards the large-
scale application of PRO for electricity generation.  
A membrane-based osmotic heat engine is a hybrid system to harvest low-grade 
waste heat energy. PRO is integrated into the hybrid system for energy production. This 
work demonstrates that the freestanding GOM can significantly increase the power density 
of the osmotic heat engine. Our experimental results and analysis show that the 
freestanding GOMs are also suitable for the newly emerged application.  
This dissertation presents advances for ion exchange and osmotic-driven membrane 
development. The fundamental study of the nanocomposite IEMs has yielded significant 
findings that enhance our mechanistic understanding of the type of membranes. The 
 xix 
development of a new generation of membranes can serve to inform the energy potential 
of the emerging membrane-based technologies. The implications of the dissertation are 
potentially far-reaching and are anticipated to shape the discussion on membrane-based 




CHAPTER 1. RESEARCH OBJECTIVES 
1.1. Motivation 
Efficient access to clean and renewable energy to meet the world’s increasing 
energy demand is a top global challenge in the 21st century. The current global energy 
demand far exceeds the present ability for clean energy production. More importantly, the 
rapid global population growth and the accompanying rising economic growth, mainly in 
Asia and Africa, will place additional demand on energy supply [1]. The current excessive 
reliance on fossil fuels to generate energy is untenable because of greenhouse gas emissions 
from the combustion of fossil fuels. Since the industrial revolution, the atmospheric 
concentrations of greenhouse gas have escalated to the point that significant global 
warming cannot be ignored [2]. Pollution caused by combustion of fossil fuels is another 
area of major concern. A July 2018 Worldwatch Institute report cited a World Bank study, 
which projected that “on average 1.8 million people would die prematurely each year 
between 2001 and 2020 because of air pollution” [3]. The CO2, sulfuric acid, soot, and 
other pollutants that hover over our cities worldwide continue to make our air unhealthy 
and unsafe. 
To reduce our dependence on fossil fuel, one promising strategy is to develop 
sustainable energy technologies. Up to now, many different sustainable energy sources 
have been investigated, and some have become an important supplement to fossil fuels, 
which include solar energy, wind energy, biomass energy, etc. However, to achieve a shift 
towards a more sustainable energy future, more efforts are needed to advance the current 
sustainable energy technologies, and at the same time, explore the sustainable energy 
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sources that have previously been overlooked or underutilized. In addition, energy is 
inextricably intertwined with water, another precious resource necessary to the human 
society. The principle of water-energy nexus suggests that energy is needed to produce 
adequate amount of clean water, and water is necessary to ensure a consistent production 
of energy [4]. In the light of the above, enough clean energy production is also necessary 
to further secure the supply of enough clean water. 
Salinity gradient power (SGP) is a type of sustainable energy that has not been fully 
explored. When two solutions of different salinities (i.e., salt concentrations) are mixed 
together, Gibbs free energy is released. Chemical potential difference between salty water 
and fresh water can be an endless supply of energy. With respect to the natural 
environment, SGP can be generated when river water and seawater are mixed at the 
intersection of river estuaries and oceans. An estimation suggests that the total global 
potential for energy generation from the above source is 2.4–2.6 terawatts (TW) [5], which 
is more than 80% of the current global electricity demand. SGP can also be generated from 
an even higher salinity gradient, such as the mixing of desalination brine with wastewater. 
The natural salinity gradient power represents a huge amount of untapped clean energy 
which can diversify and strength our energy portfolio. Besides, SGP can be generated from 
engineered salinity gradients, one such example is the recovery of low-grade waste heat 
via a membrane-based osmotic heat engine [6]. Low-grade waste heat represents another 
underutilized energy source. In the U.S., more than 30% of the energy supply is consumed 
by industrial processes. About 50% of all the consumed energy is released to the 
environment in the form of waste heat [7]. A large portion of the waste heat has a low 
temperature and thus is difficult to be recovered via the existing technologies, such as 
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Organic Rankine cycles. The development of the osmotic heat engine aims to recover the 
low-grade waste heat (the waste heat with a low temperature, typically < 130 °C). 
1.2.  Research objectives 
The overarching objective of this research is to advance several membrane-based 
energy generation technologies, including reverse electrodialysis (RED), pressure retarded 
osmosis (PRO) and osmotic heat engine to ensure efficient energy production (SGP). 
Although the concept of harvesting SGP from the mixing of two solutions of different 
salinities was proposed more than half-century ago [8], significant technological progress 
is needed to realize large-scale application. Membrane, as a key component in the above 
systems, can determine the effectiveness and efficiency of energy generation. The study 
focuses on the development of new membranes based on the desired membrane properties 
that each technology needs. Since nanotechnology has the potential to control and/or 
improve the transport of molecules or ions at the nanoscale [9], the current study takes 
advantage of nanotechnology to design and synthesize nano-structured membranes for the 
application in the above membrane-based technologies. Various nano-materials are used 
to synthesize either organic-inorganic nanocomposite membranes or inorganic nano-
material based membranes. In addition, the theoretical study of the nanoscale structure-
property relationship of the nanocomposite membranes is also conducted. 
The specific targets of the dissertation are: 
1. Fabricate nanocomposite cation exchange membranes (CEMs) capable of 




2. Explore the origin of property enhancement of the nanocomposite ion exchange 
membrane (IEM) by combing experimental work and theoretical modeling. 
3. Demonstrate the fabrication of freestanding graphene oxide membranes 
(GOMs) to minimize membrane internal concentration polarization (ICP) and 
increase power density in PRO. 
4. Investigate the freestanding GOMs in membrane-based osmotic heat engines 
for low-grade waste heat recovering with enhanced power density. 
1.3.  Organization of the dissertation 
The dissertation begins with an introduction of membrane-based technologies for 
the salinity gradient power and low-grade waste heat harvesting. In Chapter 2, the working 
principles of reverse electrodialysis, pressure retarded osmosis and osmotic heat engine are 
briefly described. The properties of corresponding membranes working in the systems are 
presents, and the technical challenges of the technologies are discussed.  
Chapter 3 focuses on the synthesis and characterization of carbon nanotube-based 
cation exchange membranes. The transport properties of the membrane are extensively 
characterized, and the power generation property of the membrane in the RED system is 
investigated. The study demonstrates that by adding nanomaterials in the cation exchange 
membrane, the ion transport and power generation performance in the RED system of the 
membrane becomes more efficient. 
Chapter 4 explores the origin of the property enhancement by adding nanomaterials 
into the ion exchange membranes. A series of nanocomposite cation exchange membranes 
are synthesized by adding silica nanoparticles into the polymer material. The study shows 
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that the change of the nanoscale structure of the membrane by adding the nanoparticles is 
responsible for the increase of membrane transport properties. This study provides valuable 
guidance for future design and synthesis of nanocomposite ion exchange membranes for 
various applications. 
Chapter 5 turns the focus towards the synthesis and application of freestanding 
graphene oxide membranes in the PRO system. This study demonstrates that due to the 
ability to minimize internal concentration polarization in the osmotic-driven process, the 
graphene oxide membrane can increase the water flux and power density in the PRO 
system. This study proposes a new way of designing membranes for application of the 
osmotic-driving membrane process including PRO. 
Chapter 6 investigates the application of the freestanding graphene oxide 
membranes in a membrane-based osmotic heat engine. Like the previous chapter, since the 
graphene oxide membrane does not have a support layer, the membrane internal 
concentration polarization can be minimized. As a result, a higher power density can be 
obtained from the osmotic heat engine. 
Lastly, Chapter 7 summarizes the main findings of the dissertation, and offer 
perspectives on the future research directions. 
1.4.  Originality and Merit of the Research 
The findings of this dissertation are original and provide a better understanding of 
both the energy generation systems and the membranes. More specifically, the information 
obtained from this study is dedicated to the development of membranes with better 
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properties for the salinity gradient power and low-grade waste heat generation from the 
following aspects: 
(1) development of nanocomposite ion exchange membranes to meet the 
challenges in the RED system, i.e., enhancement of power density and anti-
fouling, 
(2) exploring the mechanism of transport property enhancement of nanocomposite 
ion exchange membranes, and 
(3) application of graphene oxide to synthesize a new type of osmotic-driven 













CHAPTER 2. INTRODUCTION 
When two solutions with different salinities (i.e., salt concentrations) mix together, 
the Gibbs free energy of mixing is released. The above phenomenon represents an new 
type of renewable energy that is available worldwide, which is called salinity gradient 
power (SGP). The SGP can be generated wherever two solutions of different salinities mix, 
for example where river water flows into the sea, or concentrated brine is discharged into 
the river. An estimation suggests that the total global potential for energy generation from 
the mixing of river water with seawater is 2.4-2.6 terawatts (TW), which is more than 80% 
of the current global electricity demand [5]. In addition to the large total amount of energy 
available globally, the high energy density of the SGP also makes it an attractive renewable 
energy candidate. The amount of energy available from the mixing of 1 m3 of concentrated 
and 1 m3 of diluted solutions can be as high as 17 MJ, depending on the concentration 
difference of the two solutions [10]. Also, during the energy production process, there is 
no production of greenhouse gas or pollutants. 
Membrane-based technologies have been developed to control the process of 
mixing and harvest the SGP. Different from some conventional membrane-based processes 
that performing separations, such as microfiltration, ultrafiltration, nanofiltration and 
reverse osmosis (RO), the emerging membrane-based processes to produce the SGP are 
controlled mixing processes. The emerging membrane-based processes convert Gibbs free 
energy released from the mixing of different solutions into useful works via controlling the 
transport of water molecules or salt ions. 
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By regulating the ion transport of different charges, osmotic ionic flux can be 
generated inside the membrane system. The ionic flux can then be converted to electron 
flow; thus, electricity can be generated. The above membrane technology is call reverse 
electrodialysis (RED). In the RED system, two different types of membranes are needed. 
Cation exchange membranes (CEMs) contain negatively charged functional groups inside 
the membrane matrix, thus only allowing cations to pass through; Anion exchange 
membranes (AEMs) contain positively charged functional groups and thus have the 
opposite transport properties. The two types of ion exchange membranes (IEMs) (i.e., 
CEMs and AEMs) help with the controlled mixing process and generate power. 
Specifically, the CEMs and AEMs are set alternatively to create water channels in the 
membrane system. Also, two electrodes are set at the two ends of the membrane system. 
When salty water and fresh water are pumped into the membrane system, chemical 
potential difference drives ions to transport from the salty water into the fresh water. The 
membranes can control the directions of ion transport and create a consistent ionic flux 
inside the system. The ionic flux can then be converted to electron flow by using two end-
electrodes, and thus electricity can be generated (Figure 1). The principle and system 










Alternatively, the Gibbs energy of mixing can be utilized to produce pressurized 
water flow by selectively concentrating water molecules with the help of a semi-permeable 
membrane. The kinetic energy from the pressurized water is then converted to electricity 
by using a mechanical turbine. The above membrane technology is called pressure retarded 
osmosis (PRO). The PRO is closely related to reverse osmosis (RO) and forward osmosis 
(FO) (Figure2). In the RO system, a large external hydraulic pressure (ΔP1) is applied to 
10 
 
push the salty water against a semi-permeable membrane to overcome the osmotic pressure 
difference. Water molecules can penetrate the membrane and salt ions are rejected by the 
membrane. At the other side of the membrane, clean water can be produced (Figure 2a). 
The FO process utilizes osmotic pressure different between the salty water and fresh water 
as a driving force. Due to the osmotic pressure difference, water molecules transport from 
the fresh water (feed solution) side to the salty water (draw solution) side (Figure 2b). After 
separating the clean water with the diluted draw solution, clean water is produced and draw 
solution with high osmotic pressure is re-generated. Like the FO process, the PRO process 
also uses osmotic pressure difference as the driving force. However, a small external 
hydraulic pressure (ΔP2, smaller than the osmotic pressure difference) is applied at the salty 
water side to slow down the water transport. When water molecules are “concentrated” at 
the salty water side, the volume, flow rate and the kinetic energy of the salty water increase. 
Then, a mechanical turbine is applied in the system to convert the kinetic energy of the 
salty solution into electricity (Figure 2c). The principle and system configuration of the 





Figure 2 - Scheme of (a) reverse osmosis (RO), (b) forward osmosis (FO) and (c) 




Both the above technologies utilize membranes as semi-permeable barriers to 
realize the controlled mixing; however, significant differences exist between them. The 
RED uses permselective IEMs to produce osmotic ionic current; while the PRO relies on 
the production of pressurized water flow. Despite the significant differences in working 
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principles, the two technologies can both be used to generate electricity from various 
natural salinity gradients. In addition, the membrane-based technologies can also be 
incorporated into hybrid systems to harvest other untapped energy forms. Through the 
design of engineered systems, the so-called membrane-based osmotic heat engine has been 
invented aiming to recover low-grade heat from various sources (Figure 3) [6]. 
The osmotic heat engine utilizes engineered salinity gradient, the salinity gradient 
created by human, as an energy source. In the system, the energy generation component is 
a PRO setup, converting engineered salinity gradient into electricity. The thermal 
separation component re-generates the concentrated and diluted solutions by using the low-
grade waste heat as an energy source. The hybrid and closed-loop system can thus ensure 








Figure 3 - Schematic illustration of a membrane-based osmotic heat engine for low-




Despite the state-of-the-art design of the above membrane-based system, none of 
the technologies in its current form can be applied in a large scale to harvest energy. Low 
power generation performance became a concern in those energy generation systems. 
Adequate membranes are needed to make the energy generation processes more effective. 
For the RED system, IEMs with lower ionic resistance and higher permselectivity are 
needed to increase the power density. For the PRO system, the membrane concentration 
polarizations (internal concentration polarization and external concentration polarization) 
and reverse salt flux have negative impact on the power generation. To increase the power 
generation performance in the PRO system, semi-permeable membranes with higher water 
permeability and lower salt permeability coefficient is needed. In addition, strategies to 
14 
 
reduce the internal concentration polarization is urgently needed, since the internal 
concentration polarization is the major “self-limiting factor” in the osmotic-driven system. 
Since the energy generation component of the osmotic heat engine share the same principle 
with the PRO system, a membrane with low concentration polarization and low salt 
permeability coefficient is also necessary to enhance the power generation performance of 














CHAPTER 3. FOULING RESISTANT NANOCOMPOSITE 
CATION EXCHANGE MEMBRANE WITH ENHANCED 
POWER GENERATION FOR REVERSE ELECTRODIALYSIS 
3.1. Abstract 
Renewable energy can be generated from the mixing of seawater with river water 
by reverse electrodialysis (RED). As part of the RED system, ion exchange membranes 
(IEMs) are key factors to the success of future RED energy generation. This research 
presents the synthesis and characterization of a new kind of nanocomposite cation 
exchange membrane (CEM) by using oxidized multi-walled carbon nanotubes (O-
MWCNTs) blended with sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) (SPPO). The 
nanocomposite CEM showed simultaneous improvement of membrane anti-fouling 
performance and energy generation performance in RED systems. The physicochemical 
and electrochemical properties of nanocomposite CEMs were enhanced compared to 
pristine SPPO CEMs. The results indicated that the optimal inorganic loadings were 0.3–
0.5 wt %, which showed the best anti-fouling performance and highest power density in 
RED. The results show that O-MWCNTs are promising materials to improve properties of 
IEMs, and nanocomposite IEMs are competitive candidates for application in 
electrochemical systems like RED. 
3.2. Introduction 
Salinity gradient power, the energy harvested from the mixing of two aqueous 
solutions with different salt concentrations, is thought to be a clean energy source that can 
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fulfill the current global electricity demand [8, 10-12]. The free energy that comes from 
mixing river water with seawater equals what could be released from a 280-meter waterfall 
[8, 12]. Different technologies have been developed for capturing salinity gradient energy, 
which includes pressure retarded osmosis (PRO) [13], reverse electrodialysis (RED) [14, 
15], electrochemical capacitive method [16] and a few less developed technologies [17-
19]. Among those technologies, RED is dedicated to harvesting energy from the mixing of 
seawater and river water [5, 15], and it has seen tremendous development in recent years. 
In the RED system, concentrated and diluted water flows are separated by ion exchange 
membranes (IEMs). Positively and negatively charged ion species transport from 
concentrated water to diluted water through cation exchange membranes (CEMs) and anion 
exchange membranes (AEMs), respectively. Using alternating series of CEMs and AEMs 
separated by spacers, continuous ion flux can be maintained inside the RED stack. The ion 
flux is then converted to electric current on the surface of electrodes via redox reactions; 
therefore, a closed circuit could be formed, and power generated. 
Low energy efficiency, low power density, and membrane fouling problems are major 
issues that prevent the commercialization of RED. IEM has an important role to play 
regarding those issues. As key components, IEMs are required to have low ionic resistance 
and high permselectivity in RED systems [14, 20]. Ionic resistance and permselectivity of 
IEMs characterize the tendency to resist ion flux transport, and the ability to transport 
counter-ions and exclude co-ions, respectively [20]. Despite the importance of IEMs, most 
previous studies on RED have focused on stack design and system optimization [21-25]. 
The lack of cost-effective IEMs with low ionic resistance and high permselectivity for high 
energy generation has become a major challenge towards the implementation of the 
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technology [21, 26]. Also, IEM fouling has also prevented RED from large-scale 
applications [27, 28]. It has been reported that without specific anti-fouling strategies, 
power density could decrease by as much as 60% in the first four hours of operation [29]. 
In a RED system, AEMs are more prone to organic fouling, whereas CEMs are 
significantly affected by inorganic fouling and scaling [27]. Fouling-resistant AEMs has 
been synthesized for different applications, mostly by increasing the hydrophilicity and/or 
negatively charge density of their membrane surface [30-32]. However, work that attempts 
to synthesize inorganic fouling-resistant CEMs is extremely scarce, which might be due to 
the lack of clear, easy, and effective anti-fouling strategies for CEMs. Research focusing 
on electrodialysis (ED) showed that scaling can become a severe problem especially in the 
presence of calcium and carbonate species [33, 34]. Although some efforts have been made 
to develop RED-specific IEMs on a lab scale, for enhancing power generation and/or 
diminishing the influence of fouling [27, 35-40], much more work needs to be done in 
order to lower the cost as well as further enhance the properties of IEMs. 
Recently, many studies on membrane technology have focused on inorganic and 
organic nanocomposites [35, 41-44]. Nanocomposite materials have become increasingly 
important due to their extraordinary properties, which arise from the synergism between 
the properties of both inorganic and organic components [43-45]. Carbon nanotubes (CNTs) 
are one type of inorganic nanomaterial that has gained a lot of attention due to their high 
flexibility, low mass density, large aspect ratio, excellent mechanical property, and good 
electronic conductivity [46-48]. For the properties of CNT to transfer to CNT-based 
composites, CNTs should be homogeneously dispersed in the composites [47]. 
Aggregation of CNTs has become a major obstacle in their application. Research has been 
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conducted to achieve a homogeneous dispersion of CNT nanocomposites, which is 
primarily accomplished through the functionalization of CNTs [46-49]. The 
functionalization of CNTs via covalent or noncovalent attachment of functional groups 
onto the surface of CNTs [49] can enhance the dispersion property and improve chemical 
affinity within the polymer matrices [46]. Covalent functionalization of CNTs can be 
accomplished by attaching carboxyl groups or hydroxyl groups onto the CNTs surface via 
oxidation reactions, which is commonly referred to as the oxidation of CNTs [48]. The 
presence of oxygen-containing groups (− COOH and/or − OH) has been reported to 
increase the solubility and dispersion property of CNTs in an organic solvent [47, 50] as 
well as increase the possibility for further functionalization depending on the specific 
application [47]. For the use of CNTs as inorganic fillers in nanocomposite polymers, the 
incorporation of oxygen-containing functional groups is crucial for the enhancement of 
interfacial adhesion, by which the unique properties of CNTs can be transferred to the 
composites [47]. As one- dimensional nanomaterials, CNTs have a great advantage over 
the application of nanocomposite IEMs, compared to zero-dimensional nanomaterials 
(titanium oxide, iron oxide, silica oxide nanoparticles, etc.). It has been reported that ion 
pathways exist at the interface of nanomaterials and polymer; hence, long-distance ionic 
pathways could be formed when elongated nanomaterials (nanotubes or nanofibers) are 
used [51]. Long-distance ionic pathways largely improve membrane inner structure and 
facilitate ion transport. In addition, oxidized multi-walled CNTs (O-MWCNTs) were found 
to effectively improve the anti-fouling properties of pressure-driven membranes due to 
their ability to change membrane surface morphology, surface charge density and 
hydrophilicity [52, 53]. 
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In the present work, a new type of nanocomposite CEM for RED applications was 
prepared via a blending method, in which O-MWCNTs were dispersed in sulfonated poly 
(2,6-dimethyl-1,4-phenylene oxide) (SPPO) to form polymer nanocomposites. PPO is an 
attractive and proven candidate with good chemical and thermal stability as well as 
mechanical properties [35, 54-56]. SPPO, which is produced by introducing sulfonic acid 
groups into the PPO polymer chains through sulfonation reactions, has been extensively 
used for synthesizing CEMs [35, 55, 57, 58]. O-MWCNTs were chosen due to their 
enhanced dispersion property and better chemical compatibility with polymers compared 
to pristine CNTs. O-MWCNTs were also chosen for their potential to improve membrane 
ion transport property and anti-fouling performance. The authors initiated the first use of 
CNTs to make nanocomposite CEMs for simultaneously improving the anti-fouling 
performance and enhancing the power generation in the RED system. The physicochemical 
and electrochemical properties of all the nanocomposite CEMs with different O-MWCNT 
loadings were extensively characterized. The anti-fouling properties of CEMs were also 
investigated by using an original custom-designed testing process. The effect of O-
MWCNT loadings was investigated to optimize the integrated membrane power generation 
performance in the RED system. 
3.3. Materials and Methods 
3.3.1. Materials 
PPO (Aldrich, analytical standard) was used as received for preparing SPPO. 
Chloroform (Aldrich, anhydrous, 99%) was used as a solvent, and chlorosulfonic acid 
(Aldrich, 99%) was used as a sulfonation agent. Dimethyl sulfoxide (DMSO) (VWR, ACS 
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grade, 99.9%) was used as received. O-MWCNTs (purity > 95 wt %) with an outer diameter 
of 1020 nm, a length of 10–30 µm, and a carboxyl group content of 2.00 wt % were 
purchased from Cheap Tubes and had been oxidized by the manufacturer. The O-MWCNTs 
were also used as received. 
3.3.2. Preparation of cation exchange membranes 
The PPO was sulfonated by following the process described in a previous work 
[35]. 6 wt % of PPO was dissolved in chloroform while stirring vigorously for 30 minutes 
at room temperature. The chlorosulfonic acid solution was used as the sulfonation agent. 8 
wt % of the chlorosulfonic acid solution in chloroform was slowly added into the PPO-
chloroform solution. Then the precipitated SPPO was filtered and washed with DI water 
several times until the pH became approximately neutral. The SPPO obtained from the 
previous step was dissolved into methanol and stirred for one hour to form a homogeneous 
solution. The polymer solution was then poured into a Pyrex glass plate to form a thin layer 
with a thickness of no more than 2 mm. The thin layer was allowed to air-dry in a fume 
hood at room temperature for 48 h. The dried SPPO was then cut into small pieces and 
stored for future use. 
The CEMs were prepared by a blending method. Known amounts of O-MWCNTs 
(0–1.5 wt %, according to different loadings) were dispersed into 24 grams of DMSO. The 
mixture was sonicated for 1 h to get a well-dispersed suspension. Six grams of SPPO was 
dissolved in the suspension and stirred for 48 h to obtain homogeneous blending. The 
membranes marked as 0.1 wt % O-MWCNT (or SPPO-0.1 O-MWCNT) indicate that the 
membranes were prepared by blending with an O-MWCNT content of 0.1 wt % with 
respect to SPPO. The resulting mixture was sonicated for 30 min to remove bubbles and 
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then cast onto glass plates by using a doctor blade with a desired thickness. To remove any 
residual solvent, membranes were dried in a vacuum oven at 60 °C for 36 h. The resulting 
membranes were peeled off the plates by soaking in warm water at 30 °C and then 
conditioned in 1 M of HCl solution for 24 h. Finally, the membranes were rinsed with DI 
water and equilibrated in 0.5 M of NaCl solution for future characterization. 
3.3.3. Membrane characterizations 
A Fourier transform infrared (FTIR) spectrometer (Digilab FTS7000) was used to 
obtain the FTIR spectra of membrane materials. A resolution of 4 cm-1 and a spectra range 
of 4000–650 cm was applied. 
Field emission scanning electron microscopy (FE-SEM) (Hitachi SU8230) was 
used to characterize the morphology of nanocomposite CEMs. Dried membrane samples 
were used. For the membrane cross-section characterization, the samples were prepared by 
soaking membranes into liquid nitrogen and cutting them manually to get sharp cross 
sections. O-MWCNTs were also characterized by using FE-SEM. 
Atomic force microscopy (AFM) (Agilent 5500, Agilent Technologies, Inc., US) 
was used to further characterize the surface morphology and roughness. Membrane surface 
morphology images and roughness parameters were obtained. At least three measurements 
were conducted for each membrane sample. 
Ramé-hart Model 250 goniometer (Ramé-hart Instrument Co.) was used to measure 
the water contact angle. At least three measurements were conducted immediately after the 
2 µL droplet was placed onto the dried membrane surface, and at least two different 
locations were chosen for each sample. The average was reported. 
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Surface charge measurement was determined by using a titration method that has 
been reported before [59]. The membrane was treated with 1 M of HCl to replace Na+ by 
H+. Then the membrane surface was rinsed with DI water until the pH of rinsing water was 
determined to be approximately neutral. The membrane was soaked in 0.01 M NaOH for 
1 min to undergo surface ion replacement. The remaining NaOH solution was titrated with 
0.1 M of HCl. The surface charge density (meq/ m2) was calculated by the amount of NaOH 
used to neutralize H+ on the membrane surface divided by the membrane surface area. All 
the membrane dimensions were 4 cm × 9 cm, and the procedures were kept exactly the 
same for all the membranes that were under investigation. 
Swelling degree (SD), ion exchange capacity (IEC), fixed charge density (CD), 
ionic resistance and permselectivity of all the nanocomposite CEMs were characterized by 
using previously reported methods [35, 39]. Properties of two commercial CEMs, CSO 
(SELEMION®, AGC Engineering Co., Ltd., Japan) and FKS (Fumasep®, Fumatech, 
Germany) were also characterized for comparison. The measured membrane 
permselectivity is apparent permselectivity, meaning the potential difference across the 
membranes between two solutions with different NaCl concentrations (0.1 M and 0.5 M). 
A detailed description of characterization methods is provided in Appendix A. 
3.3.4. Membrane anti-fouling property 
The anti-fouling testing was carried out by using a RED stack described previously 
(which was also used for RED power performance measurement in this study) [35, 37], as 
shown in Figure 4. The RED stack used in the anti-fouling test consists of seven and a half 
cell pairs, each containing a CEM and an AEM. The CEMs under investigation were set in 
a specific order as indicated in Figure 4. AEMs (Fumasep® FAS, Fumatech, Germany) 
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were set in between adjacent CEMs. All the synthesized CEMs were tested at the same 
time; commercial CSO was also tested for comparison. An extra CSO membrane was 
placed as a shielding membrane to prevent negatively charged species from entering the 
stack. The effective area of all the membranes was 9 cm × 4 cm. The intermembrane 
distance (cell width) was maintained by a woven fabric gasket spacer with a thickness of 
500 µm. The porosity of the spacers was 60%. Two endplates equipped with titanium mesh 
end electrodes (coated with iridium plasma) were used as cathode and anode, respectively. 
0.5 M of NaCl solution was used as the rinse solution in the electrode compartments. 
Two different groups of model solutions were used for two test runs. The 
composition of two model solutions is listed in Table 1. The Test 1 model solutions were 
prepared based on the actual compositions of natural seawater and river water. Solutions 
used in Test 2 were pure NaCl solutions, which served as the control group. The solutions 
were delivered into chambers using peristaltic pumps. The total inflow rate was maintained 
at 0.38 L/ min, for both concentrated and diluted water. The inflow then separated into 
seven flows (one for each cell pair), each with the same flow rate (theoretically) when it 
entered the stack (Figure 4). A constant applied voltage of 10.52 V was maintained, to 
speed up the ion exchange from concentrated water to diluted water. Each group of anti-
fouling tests was operated continuously for two hours. Under the applied voltage, the 
system might be in the electroconvection region [60, 61]. Current changes were monitored 
during the whole-time ranges. Permselectivity and ionic resistance of all the CEMs in Test 
1 were measured after the test. The measured results were compared to those of unused 
membranes to identify the change of membrane properties as well as assess how well the 
CEMs can resist inorganic fouling. 
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Table 1 - Composition and concentration of model solutions used in anti-fouling tests  
Test Concentrated water Diluted Water 
 
Test 1 
NaCl (0.5 M) 
  CaCl2 (0.01 M) 
NaHCO3 (2.5×10-3 M) 
NaCl (0.017 M) 
CaCl2 (3.8×10-4 M) 
NaHCO3 (9.6×10-4 M) 












3.3.5. RED membrane performance 
The RED power generation performance of the nanocomposite CEMs was 
investigated by using the same RED stack described in 3.3.4. (Figure 4). Four and a half 
cell pairs were installed in the stack; each consists of an AEM (Fumasep FAS) (Fumatech, 
Germany) and a CEM (Fumasep FKS) (Fumatech, Germany). A fifth FKS was placed to 
prevent the negatively charged species from entering the stack. Two titanium mesh end 
electrodes (coated with iridium plasma) were used as cathode and anode, respectively. The 
FKS membranes were later replaced by the synthesized nanocomposite CEMs for 
comparison. All the membranes have an effective area of 9 cm × 4 cm. The intermembrane 
distance (cell width) was maintained by the same spacer, as described in Section 3.3.4. A 
solution consisting of NaCl (0.25 M), K4Fe(CN)6 (0.05 M) and K3Fe(CN)6 (0.05 M) was 
used as the electrode rinse solution. Model concentrated water (0.5 M of NaCl) and diluted 
water (0.017 M of NaCl) were prepared as feed solutions.  
Membrane performance was evaluated by using an Ivium potentiostat/galvanostat 
analyzer (Ivium Technologies, The Netherlands) in the galvanostatic mode. The total water 
inflow rate was maintained at 0.38 L/ min (for both concentrated and diluted water), and 
the change of voltage (E) and current (I) with time was monitored. The gross power 
generation was calculated by the maximum value of the product of voltage and current in 
the measured voltage (E)-current (I) curve. The corrected gross power generation was 
calculated by subtracting the power generation by the blank run, which was obtained by 
setting only one CEM in the stack. The gross power density was then calculated by dividing 
the corrected gross power generation by the total membrane effective area. 
3.4. Results and discussion 
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3.4.1. FTIR, SEM, AFM, contact angle and surface charge density 
FTIR spectra were obtained from membrane material as well as synthesized 
nanocomposite membranes. Figure 5 presents the spectra of PPO material, SPPO 
membrane, and SPPO-0.5 O-MWCNT membrane. SPPO and SPPO-0.5 O-MWCNT 
showed obvious peaks at 1060–1030 cm-1 and 650 cm-1, corresponding to the strong 
absorption of the sulfonic acid group, implying the successful sulfonation of PPO. It seems 
that there was no detectable difference in the intensity of absorption bands between SPPO 
and SPPO-0.5 O-MWCNT, which might be because the new bonds formed by the 
incorporation of O-MWCNTs could not be identified. The SEM and AFM images, along 
with the change of membrane electrochemical properties would confirm the successful 











SEM images of O-MWCNTs and chosen nanocomposite CEM surfaces are shown 
in Figure 6. The incorporation of inorganic fillers made the change of membrane surface 
morphology possible. The membrane surface became rougher with the increase of O-
MWCNT loadings (Figure 6b-c). Higher magnification membrane surface SEM images 
(Figure 6d-f) reveals the information of membrane surface in sub-micro scale. Pristine 
SPPO membrane had a smooth surface; with the incorporation of O-MWCNTs, membrane 
surface became rougher. 1.5 wt % O-MWCNT membrane (Figure 6f) even showed a 
ravined surface morphology. It has been reported that membranes with rougher surfaces 
are easier to trap ions, and thus have lower ion rejection [62]. Figure 7 shows the SEM 
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images of membrane cross sections. All the SEM images show that membranes have dense 
inner structures without identified pore formation. The thickness of membranes was not 
the same but ranged from 47 to 70 µm, which might be due to a change occurring in the 




Figure 6 - SEM images of O-MWCNTs and nanocomposite cation exchange 
membranes: (a) oxidized multi-walled carbon nanotubes; (b) surface morphology of 
pristine SPPO membrane; and (c) surface morphology of composite 0.5 wt % O-
MWCNT membrane; (d) surface morphology of pristine SPPO membrane (higher 
magnification); (e) surface morphology of composite 0.5 wt % O-MWCNT 
membrane (higher magnification); and (f) surface morphology of composite 1.5 wt % 





Figure 7 - Cross section of nanocomposite membranes: (a) pristine SPPO membrane; 
(b) composite 0.1 wt % O-MWCNT membrane; (c) composite 0.2 wt % O-MWCNT 
membrane; (d) composite 0.3 wt % O-MWCNT membrane; (e) composite 0.5 wt % 




The complementary information on the membrane surface morphology was 
obtained through AFM images (Figure 30). Membrane surface mean roughness (Sa) 
parameters are listed in Table 2 [52]. More surface roughness parameters are presented in 
Appendix A (Table 8). The AFM images and parameters indicate that the surface 
morphology continues to change as the O-MWCNT loadings increase. Table 2 also lists 
the water contact angles and measured surface charge densities of synthesized 
nanocomposite CEMs (0–0.8 wt % O-MWCNT membranes were characterized). The 
contact angle decreased as the loading increased and reached the optimal value at a loading 
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of 0.5 wt %; then, underwent a sharp increase for the 0.8 wt% O-MWCNT membrane; the 
measured surface charge density increased with the increase of loading up to 0.5 wt% of 
loading, then decreased as loading continued to increase. 
Obviously, the adding of O-MWCNTs effectively changed the surface roughness, 
surface hydrophilicity and surface charge density of membranes. During the membrane 
phase inversion process, the O-MWCNTs migrate spontaneously to the membrane surface 
[52, 53], which changes the surface morphology and roughness of the membranes. The 
formation of ravined structures on the membrane surface was probably due to the migration 
of O-MWCNTs onto the membrane surface. As the inorganic loading increases, more O-
MWCNTs migrate to the membrane surface, and surface roughness increases. Also, when 
the O-MWCNT loading is high (0.8 wt % or higher), the electrostatic interactions and steric 
hindrance among O-MWCNTs cause aggregation of O-MWCNTs during phase inversion 
[52]. When large O-MWCNT clusters migrate onto the membrane surface, surface 
roughness further increases due to the formation of larger peaks and valleys. Since there 
are negatively charged carboxyl groups on the surface of O-MWCNTs, membrane 
hydrophilicity and surface charge density increase. However, with a loading of 0.8 wt %, 
both membrane surface hydrophilicity and surface charge density decrease. The above 
phenomenon could be explained by the aggregation of O-MWCNTs reducing the density 
of hydrophilic functional groups on the membrane surface. The sharp increase of contact 
angle in the SPPO-0.8 wt % O-MWCNT membrane was probably due to the remarkable 




Table 2 - Water contact angle, surface mean roughness and surface charge density of 
nanocomposite CEMs. 
Membranes Contact angle [°] Sa [nm] Surface charge density [meq /m2] 
SPPO 81.5 3.5 2.6 
SPPO-0.1 O-MWCNT 75.9 7.0 2.9 
SPPO-0.2 O-MWCNT 67.1 10.0 3.0 
SPPO-0.3 O-MWCNT 64.1 14.6 3.0 
SPPO-0.5 O-MWCNT 50.8 26.5 3.1 




3.4.2. Electrochemical properties of membranes 
Ion exchange capacity (IEC), swelling degree (SD), fixed-charge degree (CD), 
permselectivity and ionic resistance of all the synthesized CEMs were evaluated and are 
listed in Appendix A (Table 9). All the measurements were carried out at least three times, 
and the average values were reported. To avoid confusion, standard deviations were not 
included in the table. Thicknesses of the membranes were measured by using FE-SEM and 
listed in Table 9. The properties of CSO and FKS were also evaluated and listed for 
comparison. Properties of 1.5 wt % O-MWCNT membrane were not shown in Figure 8–
10, since the membrane properties started to decrease from loading of 0.8 wt %. 
The ion exchange capacity (IEC) of membranes increased with the increase of O-
MWCNT loading up to 0.5 wt % and then decreased as the loading continued to increase 
(Figure 8). The increase of IEC might be due to the reconstruction of the membrane micro 
and nanoscale structure, which increased the number of ion exchangeable functional 
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groups for titration [63]. The decrease of IEC, which was observed in the 0.8 wt % O-
MWCNT membrane, might be due to the aggregation of the O-MWCNTs inside the 
membrane matrices. The aggregation of O-MWCNTs could decrease the membrane IEC 
by disrupting the ion exchange functional groups. Specifically, when the inorganic fillers 






Figure 8 - Ion exchange capacity (IEC) and swelling degree (SD) of SPPO 






Swelling degree (SD) is a key parameter that affects fixed charge density, ionic 
resistance, permselectivity and mechanical properties. Generally, SD increases as the 
membrane IEC increases and as the cross-linking degree decreases. However, other factors, 
such as ion exchange functional group species and types of polymer materials, may cause 
fluctuation of SD [35, 64]. Figure 8 shows the increase of SD with the increase of CNT 
loading. However, a further increase of O-MWCNT loading (> 0.3 wt %) resulted in a 
decrease of membrane SD. The increase of SD up to 0.3 wt % loading is attributed to the 
enhancement of water absorption of membranes by the increase of IEC. In addition, the 
embedding of water molecules inside O-MWCNTs increased the water content [65]. The 
inner diameter of O-MWCNTs is large enough to accommodate water molecules [65, 66]. 
As the O-MWCNT loading continues to increase, the O-MWCNTs tend to aggregate (≥ 0.5 
wt %), and the number of effective functional groups in the membrane reduces; thus, SD 
decreases. In general, the cross-linking reactions lead to a decrease of membrane SD [67]. 
Because it is possible for the O-MWCNTs to cross-link with the sulfonate groups in the 
SPPO matrices [64], the SD of nanocomposite membranes is expected to decrease. At low 
O-MWCNT loadings, the cross-linking effect had a negligible influence on the membrane 
SD. However, as the loading increased, more cross-linking reactions happened, which also 
may lead to a decrease of SD at higher loading. The cross-linking reaction effect might 
explain why the 0.5 wt % nanocomposite CEM has the highest IEC, but its SD was slightly 
lower than the 0.3 wt % nanocomposite CEM. 
Figure 9 shows the O-MWCNT loading variation on the permselectivity and ionic 
resistance of nanocomposite CEMs. Permselectivity of synthesized CEMs increased with 
the increase of O-MWCNT loading, achieved an optimal value at 0.5 wt %, and then 
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exhibited a decrease. 0.5 wt % O-MWCNT SPPO membrane was the one with the highest 
permselectivity, probably because it simultaneously had the highest IEC and high CD. The 
ionic resistance of membranes decreased with the increase of O-MWCNT loading up to 
0.5 wt %; however, the membrane ionic resistance abruptly increased with the further 
addition of nanomaterials. As the IEC increased, more functional groups were presented in 
the membrane matrices acting as ion exchange sites, which facilitated the ion transport; 
thus, the ionic resistance decreased [63]. Also, the addition of a proper amount of O-
MWCNTs (≤ 0.5 wt % in this case) favors the formation of continuous inner networks or 
connected ionic channels inside the nanocomposite CEM matrices [68], which made it 
easier for ion transport. However, further addition of nanomaterials might block the ionic 
channels, leading to a deterioration of the membrane inner structures. In addition, the 
excess amount of O-MWCNTs inside the membrane led to the aggregation of 
nanomaterials, which decreased the number of effective ion exchange sites, as discussed 
above. Both effects caused the increase of ionic resistance at higher loadings. Generally, 
membranes with a higher fixed charge density show higher permselectivity and lower ionic 
resistance [39, 69]. The 0.1 wt % O-MWCNT SPPO membrane had the highest CD; 
however, it did not show the highest permselectivity or lowest ionic resistance. This might 
be attributed to the further improvement of membrane micro and nanoscale structure when 







Figure 9 - Permselectivity and ionic resistance of SPPO nanocomposite membranes 




Previous studies indicated that membrane properties such as permselectivity, SD, 
IEC, and CD do not differ between IEMs with different thicknesses as long as the 
membranes have the same chemical composition [37, 39]. However, membrane ionic 
resistance is a parameter that is highly related to membrane thickness, i.e., reduction of the 
IEM thickness results in the decrease of ionic (area) resistance [39, 70]. Intrinsic ionic 
resistance was introduced to exclude the membrane thickness effect and directly compare 
the intrinsic membrane properties with different thicknesses. Intrinsic ionic resistance is a 
membrane intrinsic property that is obtained by dividing the ionic resistance by the 
membrane thickness [70]. The change of membrane intrinsic resistance with O-MWCNT 
loading is shown in Figure 10. The intrinsic resistance decreased with the increase of O-
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MWCNT loading up to 0.5 wt %. An increase of intrinsic resistance for 0.8 wt % O-
MWCNT membrane might have been caused by the combined effect of nanomaterial 
aggregation and deterioration of membrane structures. As indicated in previous studies [37, 
39], permselectivity does not depend on membrane thickness. In this study, when the 
membrane permselectivity increased, and intrinsic resistance decreased, the membranes 
became more effective in both the transportation of counter-ions and exclusion of co-ions. 
The 0.5 wt % O-MWCNT nanocomposite membrane had the most improved inner 
structure due to the increase of effective ion exchange sites and the formation of continuous 
and interconnected ionic channels, which facilitate ion transport. Consequently, the 0.5 wt % 











Figure 10 - Intrinsic ionic resistance of SPPO nanocomposite membranes as a 




3.4.3. Anti-fouling property of membranes 
The anti-fouling property of chosen synthesized CEMs was tested by using the 
RED stack, as described above (1.1 wt % and 1.5 wt % O-MWCNTs membranes were not 
included in the tests, because those two membranes showed obvious property decreases; 
0.8 wt % O-MWCNT membrane was included). The current changes in the two tests are 
shown in Figure 11. Current in Test 1 dropped from 100 mA to 28 mA gradually during the 
2 hours of operation; whereas current in Test 2 did not change obviously, and the value 
kept between 97.28 mA and 99 mA. Therefore, the total resistance increased in Test 1 but 









To determine whether the properties of CEMs in Test 1 changed or not, the 
permselectivity and ionic resistance of all the CEMs in Test 1 were characterized. The 
AEMs might have also been influenced by inorganic fouling during the tests, but only the 
properties of CEMs were characterized. Figure 12 shows the changes of permselectivity 
and ionic resistance of all the CEMs, presented in the form of tested and unused ratios. The 
permselectivity ratios were distributed in the range between 83% and 93%. The ratio 
increased with the O-MWCNT loading up to 0.3 wt % and then decreased. The 0.3 wt % 
O-MWCNT membrane showed the highest ratio of 93%. In comparison, the CSO 
commercial membrane obtained a ratio of only 83%, which was the lowest among all the 
tested CEMs. Regarding the change of ionic resistance, the ratios ranged from 117% to 
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149% for all the CEMs. The CSO CEM had the lowest ratio of 117%, and the 0.3 wt % O-
MWCNT membrane maintained a value of 138%, which was the lowest among all the 
synthesized nanocomposite CEMs. The 0.3 wt % O-MWCNT membrane had the best anti-
fouling property among all the tested nanocomposite CEMs because both the 
permselectivity and the ionic resistance changed the least. When compared with 
commercial CSO, the 0.3 wt % O-MWCNT membrane showed a smaller decrease in 
permselectivity, and a larger increase in ionic resistance. To further evaluate the properties 
of CEMs before and after the anti-fouling test, and better assess membrane anti-fouling 
performance, membrane performance potential (α2/R) [35] was applied. According to the 
Nernst equation, permselectivity largely influences the voltage (open circuit voltage, OCV) 
of the RED system; the ionic resistance of membranes affects the total resistance of RED 
stack, and thus influences the RED power generation [69, 71, 72]. Permselectivity and 
ionic resistance together influence the overall performance of the RED system. Since the 
membrane performance potential (α2/R) could be used to compare the power generation of 
different CEMs (Appendix A), it was applied here to represent the overall membrane 
performance in RED system (the larger the potential of the CEM, the better it performs in 
a RED system; the less potential drop after the anti-fouling test, the better the CEM can 
resist the fouling). Table 3 lists the membrane potentials of all CEMs both before and after 











Table 3 - Potentials (α2/ R) of CEMs before and after the anti-fouling test (Test 1) 
(The FKS membrane was not included in the anti-fouling test, and only the original 








SPPO 11367 6125 53.9% 
SPPO-0.1 O-MWCNT 13425 8167 60.8% 
SPPO-0.2 O-MWCNT 14227 8658 60.9% 
SPPO-0.3 O-MWCNT 16416 10274 62.6% 
SPPO-0.5 O-MWCNT 20034 11107 55.4% 
SPPO-0.8 O-MWCNT 13415 7217 53.8% 
CSO 3968 2319 58.4% 





From Table 3, the 0.3 wt % O-MWCNT membrane had the least potential drop 
among all CEMs; the commercial CSO membrane maintained 58.4% of the potential after 
the test, which was lower than the 0.1 wt %, 0.2 wt %, and 0.3 wt % O-MWCNT 
membranes, but higher than the pristine membrane, 0.5 wt % and 0.8 wt % O-MWCNT 
membranes. However, 0.5 wt % O-MWCNT membrane had the highest potential both 
before and after testing. As a result, 0.3 wt % O-MWCNT membrane had the best anti-
fouling performance, which maintained 62.6% of the potential after testing; 0.5 wt % O-
MWCNT membrane maintained the highest absolute value of membrane potential after the 
anti-fouling test. 
Generally, membranes with lower surface roughness, higher surface charge density, 
and larger surface hydrophilicity have better antifouling properties [52]. Regarding AEMs 
coating, a thin negatively charged layer can effectively enhance the anti-fouling 
performance, since organic fouling is dominated in AEMs and most organic foulants are 
negatively charged [27]. However, it is more complicated for CEMs. In a natural 
environment, negatively charged species, like hydroxide or carbonate species, adsorb onto 
CEMs surface. When divalent cations like Ca2+ or Mg2+ transport through the membranes, 
they react with negatively charged species to form insoluble scaling and sorb on the surface 
or inside membranes. It is obvious that the methods for AEMs are not applicable to CEMs 
since applying a positively charged coating layer onto CEMs would only make the fouling 
problem worse. In this study, nanocomposite CEMs were found to be effective for reducing 
fouling problem, because both negatively charged surface density and hydrophilicity 
increased simultaneously by incorporating functionalized inorganic fillers. Increasing 
surface charge density results in the increase of electrostatic repulsion between the 
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membrane surface and negatively charged species, which reduces the chance for anion 
adsorption. Increasing membrane hydrophilicity also enhances membrane anti-fouling 
properties because most of the foulants are hydrophobic. However, there is a trade-off 
between surface charge density and surface roughness in nanocomposites; both parameters 
change because of the migration of nanomaterials onto the membrane surface. As surface 
charge density increases, surface roughness also increases. Rougher surfaces are more 
prone to ion and molecule adsorption and attachment. Optimal loading exists in 
nanocomposite membranes. In this study, the optimal loading is between 0.3 wt % and 
0.5 wt %. 
3.4.4. Performance of membranes in RED 
Power generation of all the synthesized nanocomposite CEMs (except for 1.1 wt % 
and 1.5 wt % O-MWCNT nanocomposite membranes), as well as commercial FKS 
membranes, were tested in a RED stack by using FAS membranes as the AEMs. The 
complete results are shown in Appendix A.6. At least three measurements were conducted 
for each CEM, and the average values were reported. Power generation of CSO membranes 
was also tested but not listed, since the gross power density of CSO was lower than that of 
FKS membranes. The changes in membrane RED performance were consistent with the 
changes in electrochemical properties discussed in Section 3.2: Gross power density 
increased with the increase of O-MWCNT loadings; 0.5 wt % O-MWCNT membrane had 
the best overall electrochemical properties and gained the highest gross power density (0.48 
W/m2) among all the membranes; the 0.8 wt % O-MWCNT membrane showed a decrease 
in gross power density. The gross power density of supreme commercial FKS CEM was 
0.42 W/m2. It should be noticed that the power output of the RED system is influenced by 
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other factors besides membrane properties. Factors that could influence the system power 
density include the number of cells [22], composition and concentration of feed waters [23, 
24, 71, 73], flow rate [35, 38], temperature [71], and the thickness of spacers [72]. In the 
literature, different gross power densities were obtained and even the same IEMs were used 
[26, 71], so it is difficult to compare different RED systems when the same IEMs are used. 
However, when keeping other factors the same (including AEMs), by changing only the 
CEMs, power generation properties of different CEMs can be obtained and compared. In 
this study, the gross power density of 0.5 wt % O-MWCNT membranes was about 14% 
higher than the commercial FKS membranes, which shows that 0.5 wt % O-MWCNT 
membranes perform better than FKS membranes in terms of power generation. 
Membrane power generation could also be related to the membrane potential (α2/R) 
(Table 3). Generally, membranes with higher potential also show better power generation 
properties, which is consistent with the theoretical prediction (Appendix A.5). The 0.8 wt % 
O-MWCNT was the only exception, which might be because the O-MWCNT 
agglomeration influenced the membrane micro and nanoscale structure and made the 
membrane performance more difficult to predict. The FKS membrane had the lowest 
membrane potential, but the power generation property was better than half of the tested 
nanocomposite CEMs. This might be explained by the fact that membrane material and 
membrane structure highly influence membrane power generation. Membranes of different 
materials perform quite differently in a RED system, and the performance cannot be simply 
predicted according to membrane intrinsic properties. Also, since it is difficult to compare 
the structures of nanocomposite CEMs and FKS directly, how the micro and nanoscale 
structure influence the properties and power generation remains unknown. Further research 
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is necessary for studying the correlation among membrane micro and nanoscale structures, 
membrane materials and the membrane properties. 
3.5. Conclusion 
In this study, oxidized multi-walled carbon nanotube (O-MWCNT) nanocomposite 
CEMs were synthesized with different O-MWCNT loadings. The properties of all the 
synthesized membranes were characterized. The 0.5 wt % O-MWCNT CEM performed 
the best in terms of membrane IEC, CD, permselectivity, and resistance. The property 
deterioration started at 0.8 wt % O-MWCNT CEM, which might be due to the aggregation 
of inorganic fillers. The SD of the 0.3 wt % O-MWCNT CEM was larger than that of the 
0.5 wt % O-MWCNT CEM, which might be explained by the cross-linking of inorganic 
fillers with the functional groups of the polymer. Anti-fouling tests showed that the 
nanocomposite CEMs had better fouling resistant properties than the commercial CSO 
membrane. The 0.3 wt % O-MWCNT CEM had the least membrane potential (α2/R) drop 
after testing; the 0.5 wt % O-MWCNT CEM maintained the highest absolute value of 
membrane potential. By incorporating O-MWCNTs, both membrane surface 
hydrophilicity and surface charge density increased. The enhancement of these surface 
properties might explain the enhancement of membrane anti-fouling properties. For energy 
generation in the RED system, the CEM was optimized at 0.5 wt % of O-MWCNT, which 
had a power output that was about 14% higher than the commercial FKS membrane. 
Nanocomposite membranes were found to be attractive candidates for application in 
electrochemical systems like RED. By incorporating nanomaterials into polymer 
membranes, anti-fouling properties and energy generation in RED could be improved 
simultaneously. As diverse nanomaterials and more innovative synthesizing methods are 
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developed, the nanocomposite membranes are expected to play more important roles in 























CHAPTER 4. MECHANISM EXPLORATION OF ION 
TRANSPORT IN NANOCOMPOSITE CATION EXCHANGE 
MEMBRANES 
4.1. Abstract 
The origin of property enhancement of nanocomposite ion exchange membranes 
(IEMs) is far from being fully understood. By combining experimental work and 
computational modeling analysis, we could determine the influence of nanomaterials on 
the ion transport properties of nanocomposite cation exchange membranes (CEMs). We 
synthesized and characterized a series of nanocomposite CEMs by using SPPO as polymer 
materials and silica nanoparticles (NPs) (unsulfonated or sulfonated) as nanomaterials. We 
found that with the increase of NP loading, measured CEM permselectivity and swelling 
degree first increased and then decreased. We also found the ion exchange capacity (IEC) 
and ionic resistance of nanocomposite CEMs tend to be the same, regardless of what type 
of NPs are incorporated into the membrane. Modeling analysis suggests that the change of 
membrane properties is related to the change in membrane micro-structure. With the 
addition of silica NPs, membrane porosity (volume fraction of inter gel phase) increases, 
so that membranes can absorb more water. Also, the volume fraction of sulfonated polymer 
segments increases, which can allow membranes to retain more counter-ions, causing 
membrane IEC to increase. By calculating the effective ion diffusion coefficients and 
membrane tortuosity factors of all the silica-NP-based CEMs synthesized in this study, 
along with nanocomposite CEMs from previous studies, we conclude that membrane ion 
transport efficiency tends to increase with the incorporation of nanomaterials. In addition, 
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this paper presents a simulation model, which explains how the membrane property 
changes upon nanomaterial aggregation; the simulation results are in good agreement with 
the experimental data. Simulation results indicate that membrane properties are related to 
nanomaterial number concentration in the membrane matrices; thus, a plateau is reached 
for membrane ion diffusion coefficients due to the severe influence of aggregation on the 
increase of nanomaterial real number concentration. The results of this study can provide 
insight into membrane structure-property relation and contribute to the value of future 
designs of new nanocomposite IEMs. 
4.2. Introduction 
Ion exchange membranes (IEMs) have been extensively used in electrochemical 
systems to produce clean water and renewable energy [12, 44, 74, 75]. Electrochemical 
systems that traditionally utilize IEMs include fuel cells (FCs) [76, 77], electrodialysis 
(ED) [78-80], reverse electrodialysis (RED) [15, 69, 81] , redox flow batteries (RFBs) [82, 
83], and microbial fuel cells (MFCs) [84, 85]. As key components, IEMs largely influence 
the effectiveness and efficiency of those systems. Plenty of research has been conducted to 
optimize electrochemical system performance, but little research has focused on the desired 
properties IEMs and the important roles they can play in optimizing those systems.  IEMs 
are ion containing polymer electrolytes, which can be classified as part of both cation 
exchange membranes (CEMs) and anion exchange membranes (AEMs). CEMs contain 
negatively charged functional groups, which allow the transport of cations but repel anions. 
Meanwhile, AEMs contain positively charged functional groups and have the inverse 
ability regrading ion permeation. 
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In order to get IEMs with the desired performance, the nanoscale design of ion 
exchange channels has been extensively studied in recent years [86]. A nanocomposite 
IEM is one type of nanostructured membrane, which incorporates inorganic nanomaterials 
into polymer materials [41, 43, 45, 86-88]. It has been reported that many nanocomposite 
IEMs have enhanced physicochemical and electrochemical properties compared to their 
pristine counterparts [35, 68, 89-93]. On the one hand, nanocomposite IEMs have superior 
overall electrochemical properties compared to the pristine polymeric membranes; on the 
other hand, they are also excellent candidates for solving problems in specific 
electrochemical systems. For instance, methanol crossover can be significantly reduced in 
direct methanol fuel cells (DMFCs) by applying nanocomposite IEMs [94, 95]; 
nanocomposite IEMs can also effectively prevent the cross-mixing of electrolytes while 
maintaining high ion conductivity in vanadium redox flow batteries (VRFBs) [83, 96]. 
Regarding the synthesis of nanocomposite CEMs, different synthesizing methods have 
been developed, among which the physical blending method and sol-gel method are most 
commonly used [88]. The physical blending is a method wherein the nanomaterials are 
prepared prior to the membrane synthesis, and then mixed with the polymer material; 
however, for the sol-gel method, filler precursors are first dispersed into the polymer 
solution, and then functionalized nanomaterial fillers are synthesized during the membrane 
fabrication process [87, 88]. 
Different hypotheses have been proposed to explain the origin of the property 
enhancement for nanocomposite IEMs. Many researchers think that the functionalized 
nanomaterials can introduce extra ion exchange functional groups, which act as additional 
ion exchange sites. With more active ion exchange sites present in membrane matrices, ion 
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transport could be facilitated. Consequently, both the ion exchange capacity (IEC) and 
ionic (proton) conductivity increase, which means the ionic resistance decreases [35, 91, 
97]. Other researchers claim that the nanomaterials will change the structure of the ion 
exchange membranes [41]; the addition of nanomaterials favors the formation of both 
continuous ion channel networks inside the membrane matrices and the interconnection of 
channels inside nanocomposite membranes [68]. Ion channels could also be formed at the 
interfaces of nanomaterials and polymer materials as a result of the interaction of those two 
[86]. The second hypothesis was tested by detecting membrane structures at the nanoscale 
level using electron microscopy techniques [51, 98].  Many unanswered (or only partially 
answered) questions remain, which prevent more detailed understanding of ion transport 
in nanocomposite CEMs. Our hypotheses are that the interactions among nanomaterials 
and polymers change the membrane micro scale structure upon the addition of 
nanomaterials; thus, the transport of ions could potentially be influenced by the membrane 
structure change. 
Although it is widely recognized that membrane properties would be affected by 
the chosen materials as well as the selected fabrication method, we have found that a certain 
mechanism is followed regarding membrane property change when nanomaterials are 
added. A physical blending method was chosen to ensure the nanoparticle (NP) properties 
remain unchanged during the whole membrane fabrication process. Also, the physical 
blending method allowed analysis of the NPs before mixing with the polymer solution. The 
physicochemical and electrochemical properties of the nanocomposite membranes were 
extensively characterized, and comparisons were made noting differences between 
membranes containing unsulfonated and sulfonated silica NPs. The influence of NP 
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loadings and additional functional groups introduced by NPs on the properties (IEC, 
permselectivity, swelling degree, and ionic resistance) of the CEMs was comprehensively 
investigated. In addition, the numerical model analysis was conducted to quantify the 
membrane structure change and the influence on ion transport. The origin of membrane 
property enhancement was discussed and related to the change in membrane structure. 
Furthermore, a numerical simulation was used to quantify the influence of nanomaterial 
aggregation on the real number concentration of nanomaterial in the membrane matrices. 
The tendency of membrane ion transport efficiency to change after nanomaterial 
aggregation was also discussed. 
4.3. Experimental Section 
4.3.1. Materials 
Poly (2, 6-dimethyl-1, 4-phenyleneoxide) (PPO) (Aldrich, Mw 30000, Mn 20000) 
was used as the polymer material. Chloroform (Aldrich, anhydrous, 99%) was chosen for 
dissolving PPO. Silica (SiO2, silicon dioxide) (US Research Nanomaterials, 99.5%) NPs 
with diameters of 15–20 nm were used as nanomaterial fillers. Chlorosulfuric acid 
(Aldrich, 98%) was applied for the sulfonation reactions. Tin(II) chloride (SnCl2, 98%) 
was used as a catalyst for the sulfonation of silica NPs. Glycidyl phenyl ether (GPE) and 
dimethyl sulfoxide (DMSO) (ACS grade, 99.9%) were obtained from Sigma-Aldrich and 
VWR, respectively. 
4.3.2. Sulfonation of silica NPs and PPO 
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The sulfonation of silica NPs was conducted using a previously reported method 
[99]. Silica NPs and GPE were mixed and then stirred at 140 °C for 3 hours with the 
presence of SnCl2 as a catalyst. The solvent was then evaporated, and the remaining 
mixture was centrifuged to obtain the condensed product. Then the condensed product was 
treated with fuming sulfuric acid for 18 hours at room temperature. The precipitate was 
collected after cooling and centrifuging. The collected product (sulfonated silica NPs) was 
then dried and kept for future characterization. A scheme of sulfonation reaction of silica 
NPs is shown in Appendix B (Figure 32). 
PPO of 9.6 grams was dissolved into 100 mL of chloroform, and the solution was 
stirred for 1 hour. Further, 4.4 mL of chlorosulfonic acid dissolved in 50 mL of chloroform 
was slowly added into the PPO solution while stirring. The precipitate was filtered and then 
washed several times with deionized (DI) water, until the pH became approximately 
neutral. The resulting SPPO was dissolved again into methanol, and the solution was then 
poured into a Pyrex glass tray to form a thin 1-2 mm layer. The layer was then air dried 
under a fume hood at room temperature for 48 hours. At last, the dried SPPO was cut into 




4.3.3. Fabrication of nanocomposite membranes 
Table 4 - List of materials used for synthesizing a series of nanocomposite CEMs. 
Name 




Unsulfonated silica  
Sulfonated 
silica 
Membrane 1 − − 5 20 
Membrane 2a 0.2 − 5 20 
Membrane 2b − 0.2 5 20 
Membrane 3a 0.5 − 5 20 
Membrane 3b − 0.5 5 20 
Membrane 4a 0.8 − 5 20 
Membrane 4b − 0.8 5 20 
Membrane 5a 1.0 − 5 20 




In this study, we synthesized and characterized nanocomposite CEMs by using 
either unsulfonated or sulfonated silica (NPs). Sulfonated poly (2, 6-dimethyl-1, 4-
phenyleneoxide) (SPPO), a well-studied sulfonic-acid-based polymer [56, 100, 101], was 
used as the model polymer material for the membrane fabrication. Solution casting and 
phase inversion methods were used for the preparation of nanocomposite CEMs. Each 
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batch of the polymer solution was prepared by first dispersing silica NPs into 20 grams of 
DMSO, then dissolving 5 grams of SPPO into the suspension. Ultrasonic bath (B3500 A-
MT, 50/ 60 Hz, VWR) was applied for obtaining well dispersed NP suspension. After 
SPPO was added, the solution was stirred for 48 hours at room temperature. The resulting 
polymer solution was cast on a glass plate by using a doctor blade. Then the membrane 
together with glass plate was vacuumed in an oven at 50°C for 36 hours. The membrane 
was then peeled off from the glass plate. The peeled membrane was first soaked into 1 M 
of HCl solution for one day, and then stored in 0.5 M of NaCl solution for future 
characterization. 
All the synthesized membranes are listed in Table 4. To fairly compare membranes 
synthesized with different (sulfonated or unsulfonated) NPs, for each membrane pair (e.g., 
membranes 2a and 2b), the same moles of NPs were added. However, to be experimentally 
operable, the molar number was converted to weight percentage (as of SPPO). The 
calculation of the molecular weight of different silica NPs is shown in Appendix B.2. Table 
4 lists the added NPs as weight percentage. 
4.3.4. Characterization of silica NPs and IEMs 
Fourier transform infrared (FTIR) spectra of silica NPs and membrane samples 
were obtained by using an FTIR spectrometer (Digilab FTS 7000). SEM images were taken 
by a field emission scanning electron microscopy (FE-SEM, Hitachi SU8230). Energy 
dispersive X-ray spectroscopy (EDX, Hitachi SU8230) was applied to get information 
about cross-sectional elemental information for chosen membrane samples. Atomic force 
microscopy (AFM) (Agilent 5500, Agilent Technologies, Inc., US) was used to obtain the 
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tapping mode phase images of wet membrane (in Na+ form) surfaces. The membrane 
thickness was obtained by using a micrometer, and at least three measurements were 
conducted for each sample. For all these tests (except for those implemented to obtain AFM 
phase images), the membrane samples were dried in a vacuum oven at 50 °C for 24 hours.  
The IEC of NPs and membrane samples was measured by a back titration 
method [37, 102]. Membrane swelling degree (SD), membrane porosity, apparent 
permselectivity, and membrane ionic resistance were also measured. All the measurements 
were conducted at least three times. A detailed description of membrane properties 
measurement procedures is listed in the Appendix B.3. 




Figure 13 - Schematic illustration of micro phases of ion exchange membrane and 





In the sulfonic acid group-containing CEMs, the sulfonated polymer segments 
aggregate into ionic clusters, and randomly distribute inside the bulk inert polymer 
matrices. Counter-ions transport through the sulfonated hydrophilic ionic clusters in 
hydrated membranes and co-ions are repelled. From a three-phase model point of view, a 
membrane can be treated as heterogeneous at the microscale [57, 103]. A total of four 
different membrane micro phases are considered: the inert polymer phase (non-sulfonated 
polymer segments), the polymer chain phase (sulfonated polymer segments), the active 
hydrated functional groups’ phase, and the inter-gel (neutral electrolyte solution) phase 
[57, 104]. Also, Figure 13 shows a way of grouping different membrane phases based on 
the model  [57]. Both the pure gel phase and neutral electrolyte solution (inter gel phase) 
are considered ionic conductive, but with different conductivities [57]. When dealing with 
nanocomposite membranes, the volume of nanomaterials is neglected, since it is extremely 
small compared with that of polymer materials. According to the micro-heterogeneous 
theory, the total membrane conductivity could be deduced as [57, 103]: 
                                                           𝑘𝑚 = 𝑘11
𝑓11𝑘2
𝑓2                                                                     (1) 
where km is the membrane conductivity, f11 and f2 are volume fractions of the pure gel phase 
and the electrolyte solution phase, respectively, and k11 and k2 are conductivities of the pure 
gel phase and the electrolyte solution phase, respectively.  
Further, to get insight into the ion transport process inside membranes, the Nernst-
Einstein equation was applied to calculate the (effective) ionic diffusion coefficient by 
using membrane ionic conductivity data [105]: 
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                                                              𝐷 =
𝛬𝑅𝑇
𝑧2𝐹2
                                                              (2) 
where D is the ionic diffusion coefficient (in solution or in the membrane), Λ is the molar 
conductivity, R is the ideal gas constant, T is the temperature, z is the ion charge, and F is 
the Faraday constant. We employed Deff to represent the effective ionic diffusion 
coefficient in the membrane (and D the effective ionic diffusion coefficient in bulk 
solution). In addition, to account for how the change of volume and the arrangement of 
different membrane phases influence ion transport, we introduced the tortuosity factor (τ) 
[106]: 
                                                           𝜏 =
𝐷𝑒𝑓𝑓
𝐷
𝑓2                                                              (3) 
where τ is a parameter that influences the transport path of ions. The value of τ should 
always be equal to or larger than 1, where the value 1 represents ions diffuse in bulk 
solution. As the value increases, ions diffuse through longer and more tortuous pathways, 
and ion transport efficiency decreases. 
4.4. Results and Discussion 
4.4.1. NP and membrane properties characterization 
FTIR spectra were collected for PPO powders, different silica NPs and selected 
CEMs (Figure 14). All the CEMs contain absorbance with peaks 1060–1030 cm-1 and 650 
cm-1, indicating the existence of sulfonic acid groups [107]. Sulfonated silica NPs also 
show obvious peaks at 1060–1030 cm-1, implying the successful sulfonation of NPs. Both 
silica NPs contain absorption peaks of alcohols at 1120–1100 cm-1. The sulfonated silica 
NPs contain a broad absorbance with peaks between 3676 cm-1 and 1580 cm-1, due to the 
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numerous functional groups (including alcohol, alkane, ether, and aromatic homocyclic 




    





Figure 15 - Surface SEM images of (a) membrane 1, (b) membrane 3a, and (c) 




Surface SEM images of selected IEMs are shown in Figure 15. The pristine SPPO 
membrane (Figure 15 (a)) has a smooth surface. The surface morphologies of 
nanocomposite membranes (Figure 15 (b) and (c)) are quite similar with that of the pristine 
SPPO membranes; however, obvious nanomaterial aggregations could be identified in 
membranes 3a and 3b. The diameters of the largest aggregated particles exceed 1 µm. 
Membrane surface AFM phase images (Figure 33 and Figure 34) were also obtained. With 
the addition of silica NPs, both the ratio of hydrophilic domains and membrane surface 
mean hydrophilicity increased (Appendix B.4) [106, 108-111]. The SEM image of silica 
NPs and selected membrane cross-sectional EDX are shown in Appendix B.5. 
The IEC of both unsulfonated and sulfonated silica NPs was measured by the 
titration method. As shown in Table 5, the IEC of silica NPs had a remarkable increase 
(from 0.11 to 0.82 meq/g) after sulfonation, which indicates the successful addition of 
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sulfonic acid containing functional groups onto the NP surfaces. The IEC of unsulfonated 
silica NPs was 0.11 meq/g, which might be caused by the adsorption of protons onto the 
NP surfaces. Standard derivation in Table 5 is from three different measurements. The 
molecular weights of different NPs are also listed in Table 5. Detailed calculation is in 
Appendix B.2. Different NPs have the same molecular weight, which means the sulfonic 




Table 5 - IEC and the molecular weight of silica nanoparticles. 
 IEC [meq/g dry] Molecular Weight [g/mol] 
Unfunctionalized Silica NP 0.11±0.01 60 




















Membrane 1 78±6 1.76±0.07 34.4±8.9 87.4±0.8 1.38±0.09 
Membrane 2a 93±4 1.95±0.03 36.3±0.9 92.4±0.9 0.81±0.08 
Membrane 2b 94±1 1.95±0.02 41.5±0.7 91.6±1.7 0.82±0.01 
Membrane 3a 98±2 1.93±0.05 42.0±1.4 92.3±0.8 0.84±0.04 
Membrane 3b 98±1 1.97±0.06 46.9±1.4 92.9±1.1 0.85±0.03 
Membrane 4a 91±3 2.20±0.06 43.3±2.5 88.1±0.1 0.75±0.02 
Membrane 4b 89±7 2.17±0.02 44.5±4.9 87.6±2.1 0.74±0.09 
Membrane 5a 88±4 1.85±0.01 49.3±1.3 80.0±1.8 0.81±0.16 




Membrane thickness, IEC, SD, permselectivity and ionic resistance of all 
synthesized membranes are listed in Table 6. All the measurements were carried out at 
least three times, and the average values were recorded. 
Table 6 presents the IEC of all the synthesized membranes. The IEC of membranes 
first increases and then decreases with the incorporation of NPs. As the NP loadings 
increase, the IEC of membranes increases and reaches maximum values in Membranes 4a 
and 4b (2.20 meq /g and 2.17 meq /g, respectively); then, decreases as NP loadings continue 
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to increase. The IEC of nanocomposite CEMs (e.g., IECs of membrane 2a and 2b) are 
almost the same when they have the same NP loadings regardless of whether the NPs are 
functionalized or not, which indicates that the ion exchange functional groups onto the NPs 
do not influence the membrane IEC. Otherwise, the influence could be neglected. The SD 
of synthesized membranes increases with the increase of NP loading. When NPs are first 
added, the SD has a sharp increase; as the loading becomes relatively high (above 0.5 wt%), 
there is only a small increment of SD with further adding of NPs. Compared with other 
membrane properties, the relatively large uncertainty (standard derivation) of the 
measurement might explain the weaker regularity of the SD data. The incorporation of NPs 
also affects membrane permselectivity with an optimal loading of 0.5 wt% for both types 
of NPs. By incorporating NPs, membrane ionic resistance sharply decreases, as shown in 
Figure 16. It seems that the type of NPs has no influence on the membrane ionic resistance. 
Thus, membranes with the same NP loadings but with different NP types (unsulfonated or 
sulfonated) have similar ionic resistance. When considering the membrane intrinsic 
resistance (Figure 16 (C) and (D)), which is the membrane ionic resistance over membrane 




Figure 16 - Ionic resistance of nanocomposite CEMs with (A) unsulfonated silica NPs 
and (B) sulfonated silica NPs; The next two figures show the intrinsic resistance of 
nanocomposite CEMs with (C) unsulfonated silica NPs and (D) sulfonated silica NPs 




Intuitively, IEC of nanocomposite CEMs equals the total ion exchange functional 
groups of polymer material and nanomaterial over the membrane dry weight. Accordingly, 
the ion exchange functional groups on the NPs might help to increase the density of total 
ion exchange sites (i.e., IEC) in the membrane matrices. In literature, the increase of IEC 
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of nanocomposite IEMs is often attributed to the introduction of ion exchange functional 
groups by the functionalized nanomaterials [64, 91, 97, 102, 112, 113]. To verify the above 
hypothesis, it was important to obtain information about the density of functional groups 
in nanomaterials. A few previous studies have measured the IEC of nanomaterials by using 
the titration method [102, 113, 114].  When the nanomaterial content (loading, wt %) in 
the membrane was relatively high, for example up to 10 wt %, the above hypothesis seems 
to well explain the trending of IEC [112, 113], because the nanomaterials introduced a 
large sum of functional groups. However, when the nanomaterial content is low (e.g., ≤ 
1−2 wt %) [102, 114], the number of functional groups introduced by the nanomaterials is 
negligible when compared with that of the polymer materials. In this study, the membrane 
IEC increased by more than 20% with the incorporation of only 0.8 wt % silica NPs. 
Considering that the IEC is relatively low even for the sulfonated silica NPs (0.82 meq /g), 
it is impossible that the increase of IEC was caused by the introduction of additional 
functional groups. The conclusion was further confirmed when adding unsulfonated silica 
NPs also led to significant IEC increase. 
4.4.2. Computational model analysis 
 One possibility is that upon the addition of silica NPs, the membrane 
microscale structure becomes different from the pristine polymeric membrane; thus, the 
structure change influences the ion transport inside the membrane. To get information 
about the structural properties of membranes, a three-phase model has been utilized [57, 
104, 115]. First, membrane ionic resistance under different NaCl solution concentrations 
(from 0.01M to 0.1 M) was measured, then the measured ionic resistance was converted to 
ionic conductivity by: 
64 
 
                                                                 𝑘𝑚 =
𝑑
𝑅
                                                                              (4) 
where km is the membrane conductivity, d is the membrane thickness, and R is the 
membrane ionic resistance. The ionic resistance and conductivity values of all the 
synthesized membranes are listed in Appendix B (Tables 11 and 12). In order to get volume 
fractions of different phases, we established a simple linear regression model between ln 
km and ln k2 [57], based on the relation in Eq. (1): 
                                                    𝑙𝑛 𝑘𝑚 = 𝑓2 𝑙𝑛𝑘2 + 𝑓11𝑙𝑛𝑘11                                                      (5) 
Figure 17 presents an ln-ln plot of the relation between the conductivities of the 
electrolyte solution and membrane 1. According to Eq. (5), the slope of the fitted curve is 
the volume fraction of inter gel phase (f2); the volume fraction of the total gel phase (f1) 
could also be obtained (f1=1−f2). Since the sulfonated polymer segments and unsulfonated 
polymer segments are distinct in terms of ion conduction, the polymer gel phase (f1) could 
be further divided into two different phases: pure gel phase (f11) and inert polymer phase 
(f12). By calculating the degree of sulfonation (DS) of the polymer, the volume fractions of 
both phases can be obtained (Appendix B.7). Phase volume fractions of the other 
synthesized membranes can also be calculated by repeating the procedure. From cross-
sectional EDX results (Table 10), weight percentages of silicon are very low even for 
membranes with the highest silica NP loadings. Considering that the size of silica NPs is 
small (15 – 20 nm, Figure 35), our assumption that the volume of NPs could be neglected 
is reasonable. Theoretically, membrane pores are the space in membrane matrices that are 
not occupied by polymer chains (and nanomaterials); thus, they equal the volume fraction 
of neutral electrolyte solution upon hydration. The porosity of all the synthesized 
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membranes (wet state) was measured (Appendix B.8). The measured porosity values were 
quite close to the calculated volume fractions of the electrolyte solution phase (f2), which 
testified the validity of the applied numerical model. Furthermore, by substituting 
membrane conductivity data into Eqn. (2) and (3), we could get insight into ion transport 
in membranes. The obtained effective ionic diffusion coefficient (presented as Deff/D) and 
tortuosity factor (τ) reveal how effective the membranes can transport ions and how 
tortuous the membrane ion channels are, respectively. Since the molar conductivity of ions 
(sodium ions in this case) in a membrane changes with the concentration [105], ionic 
conduction of 0.5 M sodium chloride was chosen to calculate the molar conductivity. All 




Figure 17 - Plot of ln – ln relation between conductivities of the electrolyte solution 




Table 7 - Membrane structural and ion transport parameters. 
Membranes f1 [%] f2 [%] f11 [%] f12 [%] Deff/D τ 
Membrane 1 44.8 55.2 13.8 31.0 0.023±0.001 2.44±0.28 
Membrane 2a 40.1 59.9 13.5 26.6 0.046±0.004 1.30±0.21 
Membrane 2b 41.6 58.4 14.0 27.6 0.046±0.001 1.27±0.30 
Membrane 3a 41.2 58.8 13.8 27.4 0.047±0.002 1.26±0.11 
Membrane 3b 41.2 58.8 14.0 27.2 0.046±0.002 1.28±0.08 
Membrane 4a 36.8 63.2 13.8 23.0 0.049±0.001 1.30±0.07 
Membrane 4b 36.4 63.6 13.5 22.9 0.048±0.005 1.32±0.26 
Membrane 5a 41.5 58.5 13.4 28.1 0.043±0.007 1.35±0.38 





4.4.3. Membrane micro-structure and ion transport 
Regarding different membrane phases, the change of volume fraction of membrane 
inter gel phase (f2) has the same tendency as that of membrane IEC; Membranes 4a and 4b, 
two membranes with the highest IEC, also have the highest f2 values. Inversely, as 
membrane IEC increases, the volume fraction of gel phase (f1) decreases. From the 
previous analysis, ion exchange functional groups on silica NPs do not help with the 
increase of membrane IEC, since the density of those functional groups is negligible 
compared with that in the polymer. As the membrane SD increases with the increase of NP 
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loading, it turns out that NPs help to increase the membrane total volume by absorbing 
more water. As the total volume of water increases in the membrane, the volume fraction 
of the inter-gel phase (f2) also increases. When adding NPs, the volume fraction of the 
membrane gel phase (f1) decreases, which can be explained by the NP-polymer interaction 
leading to a compression of the polymer chain. However, NPs can affect different types of 
polymer chain segments in different ways: 1) sulfonated polymer chains can undergo 
swelling since the volume fraction of pure gel phase (f11) remains almost unchanged for all 
the membranes, and membrane total volume increases by absorbing more water and 2) the 
unsulfonated polymer chains, which are the inert part of the polymer (f12), can show a 
decrease in volume. Furthermore, the swelling of sulfonated polymer segments might 
explain the increase of membrane IEC: as the volume of hydrophilic polymer segments 
increases, ions (Na+) could have more chances to interact with those segments and thus are 
easier to retain in the membrane matrices. The increase of membrane surface mean 
hydrophilicity (as indicated by AFM phase images) might also attribute to the swelling of 
sulfonated polymer segments; thus, the volume increase of sulfonated part also affects the 
membrane surface hydrophilicity, since the density of the more hydrophilic sulfonated part 
also increases on or near the membrane surface.  
As a net effect of the membrane micro-structure change upon the addition of silica 
NPs, the effective ionic diffusion coefficient (represented as Deff/D) increased and the 
tortuosity factor (τ) decreased. Both parameters refer to ion transport efficiency in 
membranes by taking bulk solution as a reference. To expand our discussion, we included 
one more series of PPO based nanocomposite CEMs. The CEMs were synthesized by using 
functionalized iron oxide [37]. The calculated effective ion diffusion coefficients and 
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tortuosity factors of those membranes are shown in Appendix B.9. The change of Deff/D 
and τ with the loading of nanomaterials of all the CEMs is shown in Figure 37. For all the 
membranes, with the incorporation of nanomaterials, the value of Deff/D increases and the 
value of τ decreases, which indicates the ion transport efficiency in membranes increases. 
An optimal loading exists for each type of membrane; however, when the loading of 
nanomaterials goes beyond the optimal point, a less effective effect appeared, and the 
increase of ion transport efficiency is hindered (for membranes containing a functionalized 
iron oxide, the highest loading is the optimal loading [37]). At a loading of zero in each 
graph, the membranes are all pristine SPPO CEMs, but they all have different IECs; 
therefore, they all have different Deff/D and τ values. For silica nanocomposite CEMs, 
membranes with the same NP loadings tend to have similar Deff/D and τ values (Figure 18), 
indicating that the ion exchange functional groups on the silica NP surfaces have limited 









Figure 18 - (A) Deff/D of nanocomposite CEMs and (B) tortuosity factor of 
nanocomposite CEMs (black dots represent pristine SPPO CEMs, error bars are +/-




Nanomaterials of different shapes and/or different surface functionalization would 
certainly undergo nanomaterial-nanomaterial and nanomaterial-polymer chain interactions 
differently, thereby affecting the membrane micro-structure distinctly. As a net effect of 
membrane micro-structure change, all the nanomaterials help to increase the efficiency of 
ion transport inside membrane matrices (an increase of Deff /D and a decrease of τ). The 
volume increase of the membrane pure gel phase (f11) upon the addition of nanomaterials 
could be attributed to the membrane’s increased ion transport efficiency. However, more 
work needs to be done to determine how the nanomaterial-nanomaterial and nanomaterial-
polymer interactions affect the properties of IEMs on a molecular level.  
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4.4.4. Membrane ion transport properties upon nanomaterial aggregation 
As discussed, optimal nanoparticle loadings exist for nanocomposite CEMs, 
beyond which no further increase of ion transport efficiency occurs. In this study, 
Membranes 5a and 5b show decreased IEC and increased intrinsic resistance compared 
with Membranes 4a and 4b, which indicates that Membranes 5a and 5b contain silica NPs 
that have exceeded or gone past the optimal loading point. As pointed out in previous 
studies [35, 81, 102], the existence of optimal loadings is related to the aggregation of NPs; 
hence, aggregation of nanomaterials severely influences the membrane micro-structure, 
and may even deteriorate membrane ion transport properties. The existence of an optimal 
loading implies a relationship between the intensity of nanomaterial aggregation and 
nanomaterial-polymer interaction. An explanation of the phenomenon can be established 
assuming: 
1. Membrane ionic conductivity is linearly related to the number concentration of 
nanomaterials; 
2. Aggregation of nanomaterials in the casting solution is irreversible during the process of 
membrane forming, and the aggregation driving force has a form similar to the van der 
Waals force of nanoparticles in aquatic environment [116]. 
Considering that when aggregation happens, the real number concentration of 
nanomaterials in the membrane is smaller than that added; thus, the nanomaterial 
aggregation diminishes the membrane ionic conductivity by decreasing the nanomaterial 
real number concentration. A simulation of membrane transport efficiency (as Deff/D) 
against nanomaterial loading successfully reproduces the trend of observed membrane 
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diffusion coefficient ratios in the experiments using silica nanoparticles.  In Figure 19, all 
the experimental data are within two standard deviations of the model results. In the 
simulation, as the added nanomaterial concentration increases, nanomaterials have a higher 
chance to undergo aggregation (Appendix B.9). According to the simulation results, the 
plateau of Deff/D is attributed to the aggregation of silica NPs. Although the added number 
concentration of silica NPs increases as the loading increases, the real number 
concentration does not increase proportionally because of aggregation at higher loadings. 
Iron oxide (100 µm) based nanocomposite CEMs [37] and silica (30 nm and 420 nm) [41, 
113] based nanocomposite CEMs also show good accordance between experimental data 
and simulation results (Figure 38 (A), (B) and (C)). In addition, the conclusion could also 
be extended to AEMs; a series of silica-based AEMs [117] yielded similar results (Figure 










Figure 19 - (A) Deff/D of (A) unsulfonated silica based and (B) sulfonated silica-based 
nano-composite CEMs as a function of loadings (black dots are the experimental 
results, red lines are the average values of simulation, and blue dash lines are two 





Membrane micro-structure change and the influence on ion transport was explored for 
nanocomposite CEMs. A series of nanocomposite CEMs were synthesized by using SPPO 
as polymer material and silica NP (unsulfonated or sulfonated) as a nanomaterial. SEM 
images indicated that the membrane surface morphology did not change much by adding 
silica NPs; however, membrane surface mean hydrophilicity measured by AFM phase 
images showed an increase. Both membrane permselectivity and swelling degree (SD) first 
increased upon addition of silica NPs, then decreased when loading went beyond the 
optimal value. Membrane IEC and ionic resistance measurements indicated that the 
enhancement of membrane properties is not related to the type of silica NPs: The functional 
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groups on the surface of silica NPs did not help increase the density of ion exchange groups. 
As long as CEMs have the same number (or loading) of NPs, regardless of type, they tend 
to have the same IEC as well as ionic resistance. 
By analyzing the measured data with a computational model, we found that the membrane 
property change is closely related to the change of membrane micro-structure. With the 
adding of silica NPs, the interaction between an NP and the polymer chain leads to an 
increase of the membrane free volume (inter gel phase), allowing the membrane to absorb 
more water upon hydration. Also, in the presence of NPs, the sulfonated polymer segments 
tend to expand, while the unsulfonated segments tend to depress. The increase of sulfonated 
polymer segments (pure gel phase) volume might explain the increase of membrane IEC: 
Counter-ions have more opportunities to be trapped inside the membranes. The 
computational model revealed that for both the nanocomposite CEMs synthesized in this 
study, and nanocomposite CEMs from previous studies [37, 81], the effective ion diffusion 
coefficient increased and the membrane tortuosity factor decreased after adding 
nanomaterials. Generally, by the incorporation of nanomaterials, ion transport inside 
CEMs becomes more efficient. Nanomaterials with different shapes and/ or surface 
functionality have different nanomaterial and polymer interactions, and influence 
membrane structure and properties differently, but they all increase membrane ion 
transport efficiency. The developed simulation model can explain membrane property 
change upon nanomaterial aggregation. Based on the simulation results, we determined 
that membrane ion transport property increases with the increase of nanomaterial number 
concentration, and the membrane ion transport performance reaches a plateau since the 
increase of nanomaterial real number concentration is influenced by aggregation. The 
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CHAPTER 5. A FREESTANDING GRAPHENE OXIDE 
MEMBRANE FOR EFFICIENTLY HARVESTING SALINITY 
GRADIENT POWER 
5.1. Abstract 
 Salinity gradient power (SGP) holds great potential for electricity generation. 
However, the technology scale-up is hindered by the lack of high-performance membranes. 
Here we initiate the application of freestanding graphene oxide membranes (GOMs) 
in pressure retarded osmosis (PRO) to generate SGP. The freestanding GOMs have 
moderate water permeability coefficient and excellent mechanical strength. Due to their 
ability to minimize internal concentration polarization (ICP), the freestanding GOMs can 
achieve high water flux in the osmosis systems, especially when the draw solution 
concentration is high. By combining experimental work and theoretical calculation, we 
found that the GOMs can have high power density in the PRO system: a power density 
of 24.62 W/m2 is obtained at a hydraulic pressure of 6.90 bar using 3 M and 0.017 M of 
NaCl as a draw and a feed solution, respectively. This study provides a new way of 
designing membranes for PRO system, the results show great potential for application of 
GOMs in PRO to generate SGP. 
5.2. Introduction 
Providing adequate energy to the human society has become an urgent challenge in 
the 21st century [1]. Different sustainable energy sources have been explored and some are 
becoming important supplements to fossil fuels [118]. Salinity gradient power (SGP) is a 
76 
 
type of sustainable energy that has not been fully explored. The SGP is released when two 
solutions of different salinities are mixed together [10]. Various sources can be utilized to 
harvest the SGP, ranging from the mixing of seawater with river water to the mixing of 
artificial solutions with different salt concentrations to harvest waste heat from power 
plants [6, 12, 81]. SPG represents a huge amount of untapped sustainable energy [18, 119]. 
The global potential for energy output from estuaries was estimated to be around 2.6 TW, 
which is about 20% of current energy demand worldwide [5, 120]. 
The most investigated technology is called pressure retarded osmosis (PRO) [10, 
121]. PRO, sharing the same principle with forward osmosis (FO), an emerging technology 
for water reclamation and desalination [122], is used to harvest renewable energy via the 
controlled water transport in the energy harvesting system [121]. In the PRO system, Gibbs 
free energy of mixing is utilized to produce pressurized water flow by allowing water to 
transport from a freshwater (called feed solution) side into a salty water (called draw 
solution) side. The mechanical energy from the pressurized salty water is then converted 
to electricity by using a mechanical turbine [123]. A steady-state, constant-pressure process 
is the most widely applied to describe the PRO system (Figure 20) [124, 125]. The draw 
solution first passes through a pressure exchanger, which increases the hydraulic pressure 
of the draw solution to a constant value, ΔP, and then enters the membrane module. The 
feed solution enters the membrane module at ambient pressure. The osmotic pressure 
difference between the draw and feed solutions, which is larger than the hydraulic pressure 
difference, drives water molecules to transport from the feed solution to the draw solution. 
The volume of the draw solution then increases, and the salt concentration decreases; the 
volume of the feed solution decreases, and the salt concentration increases. The pressurized 
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draw solution then bifurcates into two streams after leaving the membrane module. One 
stream flows through the turbine to generate electricity, and the other stream flows through 
the pressure exchanger and transfer pressure to the new draw solution. The hydraulic 
pressure of the draw solution maintains the constant value ΔP throughout the process until 
it re-enters the pressure exchanger again. The generated power equals the applied hydraulic 
pressure difference, ΔP, multiplied by the volume through the turbine [126]. The pressure 
exchanger requires the same volume on either side, so the water volume through the turbine 
equals the volume across the membrane, ΔQ. The energy generated from the system is then 
ΔQ ΔP [125]. 
Despite the great potential for energy generation and the state-of-the-art system 
design, a suitable membrane for PRO is needed before the technology can be scaled up 
[127]. The use of reverse osmosis (RO) membranes in PRO system resulted in a much 
lower energy outputs than expected [128-130]. It was concluded that the RO membranes 
with thick and tortuous support layer designed for desalination were not suitable for PRO 
application, due to the severe internal concentration polarization (ICP) [128, 131]. When 
the water transport through the membrane active layer, salt ions get trapped inside the 
tortuous support layer. The salt concentration inside the support layer increases, leading to 
a decrease of effective driving force across the membrane active layer. Thus, membranes 
with lower ICP are urgently needed to increase the energy generation in PRO system. In 
addition, semipermeable membranes with higher water permeability coefficient were 
found to be beneficial for power generation in the PRO system [127]. Although many 
works have been done on the synthesis of new membranes for PRO in recent years [127, 
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132-134], better approaches for membrane design are needed to further enhance the 










Recently, graphene oxide (GO) has been widely used for the synthesis of separation 
membranes, due to its good mechanical stability and fast water permeation rate [135, 136]. 
A capillary model has been proposed to explain the water transport inside the GO 
membrane (GOM) [137]. According to this model, the pristine regions of the GO form 
graphene-like capillary networks, and the capillaries allow a low-friction flow of water. 
Meanwhile, the oxidized regions (containing hydroxyl, carboxyl, and epoxy) are 
responsible for keeping the interlayer distance. Recent simulations suggest the slow water 
transport through the oxidized regions inside the GOMs might suppress the 
nanoconfinement-induced fast water flow [138-141]. Even though more research is needed 
to fully understand the water transport mechanism, GOMs have already been successfully 
applied in ultrafiltration and nanofiltration [142-146]. The sharp cut-off for molecules and 
ions induced by size exclusion makes GOMs perfect for molecular sieving [147]. 
Interestingly, the attempts to applying the GOMs in osmosis systems (PRO and FO) remain 
vacant. In this study, we investigate the performance of a freestanding GOM in a PRO 
system. The current work, by combining experimental and theoretical work, provides a 
new way of designing customized PRO membranes for salinity gradient power generation. 
5.3. Experimental Section 
5.3.1. Preparation of GO suspension 
Graphene oxide (GO) sheets were synthesized by using a modified Hummer’s 
method [148, 149]. Sodium nitrate (NaNO3, 1 g) was dissolved in 48 mL of concentrated 
sulfuric acid (H2SO4, 98%) in an ice bath. Flake graphite (1 g) was then added to the above 
mixture while stirring. After 15 min, potassium manganate (KMnO4, 3 g) was slowly added 
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to the mixture. The mixture was stirred for 30 min while the temperature was maintained 
below 20 °C, and then the mixture was kept for another 30 min with the temperature set at 
35 ± 3 °C. After that, 180 mL of deionized (DI) water was gradually added to the mixture, 
and then the mixture was kept for 2 h with temperature controlled at 50 ± 3 °C. Finally, 12 
mL of H2O2 (30 %) and 400 mL of DI water were slowly added to the above mixture to 
terminate the oxidation reaction. The resulting mixture was centrifuged, and the precipitate 
was washed one time with diluted hydrochloric acid (HCl, 5%) and four times with DI 
water. Finally, the precipitate was re-suspended to form GO suspension with a 
concentration of 1 mg mL-1. 
5.3.2. Synthesis and characterization of graphene oxide membranes 
GOMs were synthesized by using a vacuum filtration method [150, 151]. An 
inorganic porous AAO filter (Anodisc, 47 mm in diameter, 200 nm in pore size, Whatman) 
was chosen as the substrate for the synthesis of freestanding GOMs. GOMs of different 
thicknesses were obtained by controlling the volume of GO suspension (1 mg mL-1) that 
was filtered. After the volume of GO suspension was determined (a few milliliters 
depending on the desired membrane thickness), the GO suspension was further diluted to 
around 200 mL in volume. As the GO nano-sheets block the pores of the substrate, it took 
2 to 5 days to filtrate the 200 mL of GO suspension. The GOM can be easily peeled off the 
AAO substrate after it is totally dried. The as-prepared GOMs were stored for further 
characterization. Totally four freestanding GOMs with different thicknesses were 




SEM images were obtained using a Hitachi SU8010 field-emission SEM (FE-SEM) 
system. The thickness of the freestanding GOMs was measured using the cross-sectional 
SEM images. XPS measurements were carried out on a Thermo Scientific K-alpha XPS 
spectrometer (Thermo Fisher Scientific, USA). XRD patterns were collected using an 
X'Pert PRO Alpha-1 diffraction system (40 kV, 40 mA). GOM samples were soaked in DI 
water and sodium chloride (NaCl, 0.5 M) for 24 hours before the wet state XRD patterns 
were collected. Tensile tests for GOM-1 were carried out on a DMA tester (model Q800, 
TA Instruments, New Castle, DE, USA) in control force mode at room temperature. The 
samples were prepared by cutting the GOM-1 into strips with length and width of about 30 
mm and 4 mm, respectively (Figure 39a). The sample was mounted on the grips, the gauge 
length was 5 mm (Figure 39b). During the tests, the force ramping rate was 2N/min. Three 
samples were tested to obtain the average results. 
5.3.3. Determination of membrane transport properties for PRO 
Water permeability coefficient (A) of the synthesized freestanding GOMs was first 
measured by using a dead-end stirred cell (Amicon Model 8010, Millipore) with an 
effective filtration area of 4.1 cm2 (Figure 40a). The GOMs were cut to fit the size of the 
filtration stirred cell. DI water was used as the influent to determine the membrane water 
permeability coefficient (A). The setup was driven by nitrogen gas, the external hydraulic 
pressure during the measurement was set to be 2.07 bars (30 psi). The water permeability 
coefficient was determined by dividing the pure water flux with the applied hydraulic 
pressure. At least three samples were tested, and the average values with standard 
deviations were reported. 
82 
 
In real PRO, the membrane operates in a cross-flow filtration system instead of the 
dead-end filtration system. Thus, to better investigate the transport properties of the 
membranes in PRO, the water and salt permeability coefficients of the GOMs were also 
measured using a modified reverse osmosis (RO) setup (Figure 40b). The feed and 
permeate channels of the RO cell were used as the draw and feed solutions channels of the 
PRO cell. In addition, the porous frit in the permeate channel of the RO cell was replaced 
by a porous spacer (Sterlitech, SEPA CF medium foulant spacer) (Figure 40c) to simulate 
the PRO conditions [152]. The spacer was cut to fit the RO cell. The cross-flow RO cell 
has an effective filtration area of 4.1 cm2. The cross-flow rate was maintained at 0.4 L/min. 
The influent was circulated and pressurized, and the permeate was collected. The weight 
change of the permeate was monitored to obtain the water flux. The water permeability 
coefficient was tested under various applied hydraulic pressures (from 2.07 to 13.79 bar). 
DI water was used as the influent for the water permeability coefficient measurement. For 
each hydraulic pressure, the membrane was tested for at least 1 hour to reach a stable water 
flux, and the average water flux was calculated. The water permeability coefficient was 
calculated by dividing the pure water flux with the applied hydraulic pressure. The 
membrane salt permeability coefficient was determined under an applied hydraulic 
pressure of 5.52 bar (80 psi). 50 mM of sodium chloride (NaCl) solution was used as the 
influent. The conductivity of the permeate was measured by using a conductivity meter to 
determine the salt concentration. A commercial thin-film composite (TFC) FO membrane 
(Hydration Technology Innovations, LLC)) was also investigated for comparison. Salt 
rejection is defined as: 
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                                                               𝑅 = 1 −
𝐶𝑃
𝐶𝐹
                                                                         (6)                 
Where R is the membrane salt rejection, CP is the salt concentration of the permeate and 
CF is the salt concentration of the influent. The salt permeability coefficient (obtained from 
RO test) is then given by [13, 131]: 
                                                𝐵 =
𝐴(1−𝑅)(𝛥𝑃−𝛥𝜋)
𝑅
                                                  (7)                 
where B is the salt permeability coefficient, ΔP is the applied hydraulic pressure, and Δπ is 
the osmotic pressure (difference). 
Alternatively, the membrane salt permeability coefficient can be determined by a 
forward osmosis (FO) test [127].  A lab-scale cross-flow FO system was used (Figure 41); 
the customized FO testing cell is 80 mm in length and 40 mm in width. The feed and draw 
solutions were DI water and 0.5 M NaCl solution, respectively. For the membranes with 
the support layer (the commercial TFC FO membrane, etc.), the tests were conducted in 
FO configuration (the active layer facing feed solution and porous support layer facing 
draw solution) [127]. A silicone gel pad with a hole in the center was set inside the cell, 
and two spacers were set on both sides of the membrane. The effective area for testing was 
maintained at 1 cm2. Feed and draw solutions were pumped into the testing cell, and a 
counter-current crossflow velocity of 27.8 cm s-1 was maintained throughout the tests. The 
feed solution weight change was recorded every minute by a digital balance to calculate 
the water flux. The electrical conductivity of the feed solution was measured every ten 
minutes to determine the (reverse) salt flux. At least 1 hour was logged for each 
measurement. Membrane salt permeability coefficient and structure parameter can be 
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calculated by using the measured water flux and reverse solute flux. Based on the mass 
balance equation on the salt ions in the whole system: 
                                  𝐶𝐹,𝐵𝑡(𝑉0 − 𝐽𝑊𝐴𝑚𝑡) = 𝐶𝐹,𝐵0𝑉0 + 𝐽𝑆𝐴𝑚𝑡                              (8) 
where CF,Bt is the bulk concentration of the feed solution at time t, V0 is the initial volume 
of the feed solution, Jw is the water flux, Am is the effective membrane filtration area, CF,B0 
is the initial bulk concentration of the feed solution. CF,Bt and Jw can be calculated from the 
measured electrical conductivity and the weight change [153]. The reverse salt flux (JS) 
can also be derived from [154]: 
                                         𝐽𝑆 = 𝐵𝐶𝐷,𝑏exp⁡(−
𝐽𝑊𝑆
𝐷
)                                                 (9) 
where B is the membrane salt permeability coefficient, CD,b is the bulk concentration of the 
draw solution, S is the membrane structure parameter, and D is the diffusion coefficient of 
the draw solution. Membrane structure parameter (S) can be expressed as [155]: 






)                                                   (10) 
where πD,b is the osmotic pressure of the bulk draw solution [156]. By combining Equ (3)-
(5), JS, B, and S can then be calculated. The membrane salt permeability coefficient values 
obtained from the two different approaches were compared and discussed. 
5.3.4. Determination of water flux and power density in PRO 
The membrane transport performance was further evaluated by using the above 
crossflow FO setup. Draw solutions were synthetic NaCl solutions with concentrations of 
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0.5-3 M, and feed solution was DI water. External applied hydraulic pressure was zero for 
the water flux tests. The membranes with support layers were tested in the PRO 
configuration (the support layer facing the feed solution) [127]. Water flux and reverse 
solute flux were obtained by monitoring the change in weight and electric conductivity of 
the feed solutions. At least three samples were tested and average values with standard 
deviations were reported. 
Meanwhile, since the membrane intrinsic parameters (A, B and S) were already 
known, water flux (at any applied hydraulic pressure) across the membrane can be 
calculated [127]: 


















− 𝛥𝑃}                                 (11) 
where k is the boundary layer mass transfer coefficient, πF,b is the osmotic pressure of the 
bulk feed solution and ΔP is the applied hydraulic pressure. Eqn (6) takes internal 
concentration polarization (ICP), external concentration polarization (ECP) and reverse 
solute flux into account. The derivation of Eqn (6) is shown in Appendix C.1. The osmotic 
pressures of the NaCl solutions were calculated by using the van't Hoff equation [157]. The 
calculation of the boundary layer mass transfer coefficient (k) is shown in Appendix C.2. 
The determined value of k for the crossflow FO cell is 26.8 µm/s. 
The PRO power density, W, is a function of water flux across the membrane and 
external applied hydraulic pressure on the draw solution side [123]: 
                                                                   𝑊 = 𝐽𝑊𝛥𝑃                                                    (12) 
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By combining Eqn (6) with Eqn (7), PRO power density (with changing solution 
concentrations and applied hydraulic pressures) can be calculated. 
5.4. Results and discussion 
5.4.1. Characterization of materials and membranes 
GO sheets were synthesized by a modified Hummer’s method [148]. A vacuum 
filtration method was applied to prepare the freestanding GOMs. XPS spectra of GO sheets 
(Figure 21a) clearly shows both non-oxygenated carbon (C-C, 285.61 eV) and oxygenated 
functional groups (C-O, 287.68 eV, and C=O, 288.68 eV). GO sheets dispersed on a silicon 
wafer were characterized by using SEM, the lateral dimension of the GO sheets is around 
1-2 µm (Figure 21b). XRD patterns (Figure 21c) reveals that the dried and wet GOMs have 
interlayer distances of 0.83 nm and 1.54 nm, respectively. It’s worthy mention that the 
XRD patterns of the GOMs soaked in DI water and NaCl solution (0.5 M) are the same, 
indicating that the salt ions have negligible influence on the GO interlayer distance. The 
GO membrane thickness was found to have no influence on the interlayer distance. 
Generally, the synthesized freestanding GOMs (Figure 21e) have a smooth surface with 
GO sheets uniformly deposited on the substrate, as can be seen from the surface SEM 
images (Figure 21f and g). 
The freestanding GOMs were found to have good mechanical strength. GOM-1 
(the thinnest freestanding GOM synthesized) has much better rigidity and stretch resistance 
than the tailored TFC membranes [132, 156, 158], as indicated by the measured tensile 
stress (at break) and Young’s modulus (Table 20). Figure 21d listed stress-strain curves of 
three GOM-1 samples. The average tensile strength (at break) of the GOM-1 is determined 
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to be 174.5±3.7 MPa, which is much higher than that of tailored thin-film composite 
(TFC) membranes (about 3-20 MPa) [132, 156, 158]. Also, determined Young’s modulus 
of the GOM-1 (37.3±5.0 GPa) is more than two orders of magnitude higher than that of 
the typical tailored TFC membranes (80-250 MPa). The good mechanical strength of the 
GOMs ensures that it can easily resist the osmotic pressure difference in osmosis systems 
[132, 158]. The burst pressure of the GOM samples was measured by using the modified 







Figure 21 - Characterization of as-prepared GO sheets and freestanding GOMs. (a) 
C1s XPS spectra of the as-prepared GO sheets. (b) Surface SEM image of GO sheets 
dispersed on a silicon wafer. (c) XRD patterns of dry (red) and wet (black) GOMs. 
(d) Stress-strain curve of GOM-1 samples. (e) Digital photograph of the as-prepared 
freestanding GOM. (f) SEM image of the surface of the as-prepared freestanding 







5.4.2. Water permeability coefficient of freestanding GO membranes 
Figure 22a shows the measured water permeability coefficient as a function of 
GOM thickness (by using a dead-end filtration setup). The water permeability coefficient 
decreases significantly with the increase of the GOM thickness. GOM-1 has the highest 
water permeability coefficient of 4.27 L m-2 h-1 bar-1 (LMH-bar) due to the smallest 
thickness (1.73 µm). As the thickness increases from 1.73 µm (GOM-1) to 4.12 µm (GOM-
4), the water permeability coefficient decreases by almost 40 times. Since the membranes 
operate in a cross-flow system during PRO process, the water permeability coefficient 
values measured by a cross-flow system can better represent the membrane performance. 
Therefore, the water permeability coefficient of the GOM-1 was also determined by using 
the modified cross-flow RO setup. The commercial TFC membrane was also characterized 
for comparison. Figure 22b shows the water permeability coefficient of GOM-1 under 
different hydraulic pressures. The water permeability coefficients of the membranes remain 
nearly constant across the measured applied hydraulic pressure range. The GOM-1 has a 
determined average water permeability of 4.40 LMH-bar, which is comparable with the 
value obtained from the dead-end filtration test. The TFC membrane has an average water 
permeability coefficient of 1.20 LMH-bar throughout the tested hydraulic pressure range. 
During the testing, when the hydraulic pressure increased from 6.90 bar (100 psi) to 8.97 
bar (130 psi), the water flux of the GOM-1 had an abruptly increase. Which indicates that 
the burst pressure of the GOM-1 is between 6.90 and 8.97 bar [132]. The membrane cannot 
maintain the structural integrity beyond the burst pressure. In comparison, the TFC 
membrane can withstand hydraulic pressure within the tested pressure range up to 14.81 




Figure 22 - (a) Water permeability coefficient of GOMs with different thicknesses 
(measured by using a dead-end filtration system). Inset: corresponding GOMs cross-
sectional SEM images. Error bars are ±1 standard deviations. (b) Water permeability 
coefficient of GOM-1 and commercial TFC membrane under different hydraulic 
pressure differences (measured by using a modified cross-flow reverse osmosis setup). 






5.4.3. Water and salt transport properties of freestanding GO membranes 
             To characterize the membrane transport properties in osmotic-driven processes, 
water and salt flux of the GOM-1 was measured in the FO system. As shown in Figure 23a, 
water flux of the GOM-1 increases almost linearly with the increase of draw solution 
concentration, reaching a value of 217 LMH when the draw solution concentration is 3 M. 
The water flux of the GOM-1 is much higher than the TFC membrane (Figure 23b). Water 
permeability coefficient of the GOM-1 is higher than that of the TFC membrane, so the 
water flux of the GOM-1 can increase more rapidly with the increase of draw solution 
concentration. More importantly, due to the elimination of membrane porous support layer, 
the ICP of the GOM-1 is largely minimized [159, 160], thus the water flux can increase 
significantly even when the feed solution contains a high concentration of solute (Figure 
42).  
The reverse salt flux of the GOM-1 increases with the increase of draw solution 
concentration. With the draw solution concentration increases, the osmotic pressure 
difference between the feed solution and the draw solution also increases. The increase in 
the osmotic pressure difference, thus the driving force for salt ion transport, is responsible 






Figure 23 - Measured water flux and reverse salt flux of (a) the GOM-1 and (b) the 
commercial TFC membrane as a function of draw solution concentration. All the 
draw solutions used were sodium chloride (NaCl) solutions, and feed solutions were 




As mentioned in the experimental section, the membrane salt permeability 
coefficient can be determined using two different approaches. The membrane salt 
permeability coefficient can be obtained from either RO test results (by using Eqn (2)) or 
FO test results (by combining Eqn (3), (4) and (5)). Since in PRO system, a hydraulic 
pressure is applied to the draw solution side, the value determined from RO test might 
better reflect the real situation in PRO. Figure 24a lists the salt permeability coefficient of 
the GOM-1 and TFC membrane from both FO and RO test. For the TFC membrane, the 
values determined from the two approaches are quite similar (around 1.3 LMH), indicating 
the membrane salt transport performance is consistent regardless of whether the hydraulic 
pressure is applied or not. However, the GOM-1 has distinct salt permeability coefficient 
in the two systems (0.03 LMH for FO and 11.13 LMH for RO). The inconsistency of salt 
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permeability coefficient might be explained by the unique transport mechanism of the 
GOMs. Unlike the polymeric TFC membrane, for which the transport of water and salt 
ions is governed by a solution-diffusion model [161, 162], the transport inside the 
freestanding GOMs is likely to be governed by a pore-flow model. During the FO process, 
the water flux causes convection of the salt ions, which can influence the diffusion process. 
The convection and diffusion are in the opposite directions, such that when the water flux 
is high enough, the reverse salt flux can be very low. However, when hydraulic pressure is 
applied to the draw solution (or permeate) side in PRO (or RO), the salt ions are 
“pressurized”. Since the interlayer distance of the freestanding GOMs is larger than the salt 
ions (according to the XRD results), the salt ion can readily transport across the GO 
interlayers under the applied hydraulic pressure, resulting in a large salt permeability 
coefficient. 
The membrane structure parameter (S) was calculated by using the FO results. The 
structure parameter is related to the ion transport properties of the membrane support layer 
(substrate) [163]. The GOM-1 and the TFC membrane have a membrane structure 
parameter of 113 µm and 426 µm, respectively. Due to the elimination of the support layer 
for the GOM-1, the structure parameter is much lower than the conventional TFC 
membrane. The small structure parameter of the GOM-1 can potentially reduce the ICP 
during the osmosis process (Figure 42). The ICP is a major limiting factor that reducing 
the membrane performance in PRO (and FO) [123], and the minimizing of membrane ICP 
largely increases the driving force and thus the water flux across the GOM-1. Figure 24b 
and c list the intrinsic transport parameters of the GOM-1 and the TFC membrane (during 
PRO), respectively. It should be noted that the salt permeability coefficients obtained from 
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the modified RO tests were chosen to represent the membrane salt transport properties in 
PRO. In general, the GOM-1 has higher water permeability coefficient and much lower 
structure parameter than the commercial TFC membrane, which is beneficial for power 
generation in PRO; however, the GOM-1 has much higher salt permeability coefficient 









Figure 24 - Membrane intrinsic transport parameters. (a) Salt permeability 
coefficient of the GOM-1 and TFC membrane from both FO test and modified RO 
test. (b) GOM-1 and (c) TFC membrane intrinsic transport parameters (water 
permeability coefficient (A), salt permeability coefficient (B) and structure parameter 




5.4.4. Power generation of freestanding GO membranes in PRO 
In a PRO system, power density increases with the increase of applied hydraulic 
pressure (ΔP) at the draw solution side, and a peak value is reached when the hydraulic 
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pressure is about half of the osmotic pressure difference across the membrane [127, 131]. 
Figure 25 shows the calculated power density of the GOM-1 with the change of hydraulic 
pressure by using various concentrations of draw solutions. River water (0.017 M of NaCl) 
was chosen as a feed solution in all the cases. Water permeability coefficient measured at 
each hydraulic pressure (in the modified RO system) was used to calculate the power 
density under the corresponding hydraulic pressure. Since the burst pressure of the GOM-
1 was determined to be between 6.90 and 8.97 bar, the power density was calculated up to 
a hydraulic pressure of 6.90 bar. As shown in Figure 25, the membrane power density 
increases significantly with the increase of the hydraulic pressure. When the hydraulic 
pressure is 6.90 bar, the GOM-1 power density reaches 6.75 W/m2, 12.81 W/m2, 19.99 
W/m2 and 24.62 W/m2 with a draw solution concentration of 0.5 M, 1 M, 2 M and 3 M, 
respectively. For all the draw solutions, the power densities are lower than the theoretical 
peak values (Figure 43), since the hydraulic pressure is lower than half the osmotic pressure 
difference.  
The GOM-1 has a water permeability coefficient of 4.40 LMH-bar, which is 
comparable with that of low-pressure RO membranes [164]. However, the GOM-1 can 
have a higher power density than that of the polymeric TFC membranes (both commercial 
and tailor-made) [132, 165]. Previous studies suggest that the membranes with a thinner 
support layer tend to achieve higher water flux due to the minimizing of membrane ICP 
[128]. Membrane ICP can even induce a water flux “self-limiting” effect, meaning that for 
a conventional TFC membrane with a support layer, the water flux stops to increase at high 
draw solution concentration. In this study, we employ a freestanding GOM for which 
membrane support layer is not needed. The GOM can significantly minimize membrane 
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ICP in PRO system, as can be affirmed from the linear increase of water flux with the 
change of draw solution concentration (Figure 23). As a result, a relatively large effective 
driving force across the GOM can be maintained, so high water flux and power density can 
also be achieved. The power density of the GOM-1 is higher than that of the commercial 
TFC membrane used in this study (under the same hydraulic pressure) (Figure 44), even 
though the salt permeability coefficient of the TFC membrane is much lower than that of 
the GOM-1. The high salt permeability coefficient of the GOM-1 increases the reverse salt 
flux. The increase in reverse salt flux can exacerbate concentrative ECP in this case. The 
detrimental effect of reverse salt flux works against the benefit of the freestanding GOM 
to decrease the effective driving force. However, as a net effect, high water flux and power 
density have still been achieved by using the freestanding GOM. In general, the 
freestanding GOMs are promising for the application in PRO system for energy generation. 
A previous investigation indicates that to make the PRO process commercially 
viable (for energy generation from the mixing of seawater (0.5 M of NaCl) and river water 
(0.017 M of NaCl)), the gross power density should be no less than 5 W/m2. In this study, 
the GOM-1 needs to operate at a hydraulic pressure of about 4 bars to achieve this goal 
(Figure 25). According to the experimental results, the TFC membrane cannot achieve this 
goal (Figure 44), since when the draw solution concentration is 0.5 M, the power density 
is lower than 5 W/m2. In the light of the above, another advantage of the freestanding GOM 
emerges: although some other tailored membranes can also achieve the goal [166], the 
GOM-1 can operate at a much lower hydraulic pressure, which can largely reduce the 
pumping energy and increase the net energy gained for PRO system [125]. Due to the small 
thickness of the freestanding GOMs, much less material is needed to synthesize the same 
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area of GOMs when comparing with polymeric TFC membranes. For example, by 
assuming the thickness of the GOM is about 2 µm, more than 200 m2 of the GOM can be 
made by using only 1 kg of GO. Since GO can be synthesized by using graphite, an earth-
abundant material, the process and application of the GOMs is environmentally 
sustainable. Although the synthesis of the freestanding GOMs by using vacuum filtration 
in this study might be energy and time consuming, other synthesis methods such as spray, 
spin-coating, and casting have been successfully used to synthesis GOMs [137, 167], and 
can potentially be applied for large-scale synthesis. Those methods are more scalable and 
less energy intensive, which might ensure large application of freestanding GOMs. 
The GOM-1 can achieve even higher power densities theoretically. For example, 
the peak power density of the GOM-1 is 7.60 W/m2, 22.30 W/m2, 58.56 W/m2 and 98.61 
W/m2 when the draw solution concentration is 0.5 M, 1 M, 2 M and 3 M respectively 
(assuming the feed solution concentration is 0.017 M) (Figure 43). However, the burst 
pressure became the limiting factor for the freestanding GOM in its current state to achieve 
higher gross power density. In addition, previous studies show that the poor stability in 
water prevents the large-scale application of GOMs to produce clean water and energy 
[168]. The low burst pressure of the GOM in this study might be caused by its poor stability 
in water. Although the GOM has high tensile strength, it becomes susceptible to external 
pressures once exposed to water. The oxidized groups can form hydrogen with water 
molecules [149], and the carboxyl groups become negatively charged upon hydration 
[151]. Both effects would create repulsive force among GO sheets and thus decrease the 
stability of the GOM in water. In this study, at least 1 hour was logged for the modified 
RO and FO tests, and the structure and transport properties of the freestanding GOM were 
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found to be stable during the tests. The GOM also maintained structural integrity after 
soaking into the water for 24 hours before the XRD measurement. The AAO filter used 
during the GOM synthesis is thought to be responsible for the increased stability of GOM 
in water [151]. Despite the positive results regarding the GOM stability in this study, 
experiments with longer testing time are needed to further explore the long-term stability 
of GOM. It remains challenging to increase the stability of GOM in water while 
maintaining the unique layered structure and outstanding transport properties. Fortunately, 
previous studies show that GOMs with even better mechanical properties can be 
synthesized [135, 169, 170], and different ways of increasing the GOM stability in water 
have been proposed [171-173]. Also, by carefully designing and controlling the fabrication 
process, the water permeability coefficient of the GOMs can be further enhanced [167, 
174, 175]. The above efforts can be readily applied to PRO system for salinity gradient 
power generation, and membranes with better power generation performance can be 
expected. 
The current work initiates a method for designing freestanding membranes for 
osmosis processes by using the GO material. By combining experimental work and 
theoretical calculation, we show that freestanding GOMs can achieve high power density 
in the PRO system. The results from this study indicate that the elimination of the 
membrane support layer can significantly increase water flux and power density. Despite 
the promising results from this study, further study is needed to investigate the power 
generation property of the GOMs in real PRO systems. Also, the investigation of 
alternative fabrication methods to synthesize GOMs and the applications of the resulted 





Figure 25 - Plots of GOM-1 power density as a function of hydraulic pressure in PRO 
system, with solutions of different NaCl concentrations acting as working solutions. 
The concentration of feed solution is 0.017 M of NaCl. (The solutions with 
concentrations of 0.017 M, 0.5 M, 1 M and 3 M represent river water, seawater, 
seawater brine (50% recovery) and hyper brine, respectively. The concentration of 





In summary, ultrathin freestanding GOMs was synthesized and the performance in 
the PRO system was first evaluated. The freestanding GOMs showed moderate water 
permeability coefficient and excellent mechanical strength. Due to the elimination of the 
membrane support layer, the freestanding GOMs can mitigate internal concentration 
polarization during the PRO process. Although the GOMs showed high salt permeability 
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coefficient when hydraulic pressure is applied to the draw solution side, high water flux 
and high power density were obtained. Under a hydraulic pressure of 6.90 bar, the GOM-
1 (thinnest synthesized freestanding GOM) achieved a power density of 6.75 W/m2, 12.81 
W/m2, 19.99 W/m2 and 24.62 W/m2 with a draw solution concentration of 0.5 M, 1 M, 2 
M and 3 M, respectively (0.017 M solution acting as feed solution). Furthermore, higher 
power density can be achieved by designing GOMs with better mechanical strength and 
higher water flux. In general, the current study initiates a new way of designing PRO 
membranes and represents a step forward towards the application of the PRO for 




CHAPTER 6.      LOW-GRADE WASTE HEAT RECOVERY VIA 
OSMOTIC HEAT ENGINE BY USING A GRAPHENE OXIDE 
MEMBRANE 
6.1.  Abstract 
 An osmotic heat engine is a brand-new and promising technology for the harvesting 
of low-grade waste heat from various sources. However, the lack of an adequate semi-
permeable membrane hinders the advancing of the technology. In this study, we 
investigated the application of a freestanding graphene oxide membrane (GOM) in the 
osmotic heat engine for energy generation. The synthesized GOM has a water permeability 
coefficient of 4.4 L m-2 h-1 bar-1 (LMH-bar). The internal concentration polarization (ICP) 
in the osmosis filtration system can be minimized since no membrane support layer is 
needed for the freestanding GOM. As a result, high water flux and high-power density are 
obtained. For example, under an applied hydraulic pressure of 6.90 bar, with a 2M draw 
solution of ammonium bicarbonate solution, a power density of 20.0 W/m2 is achieved. 
This study shows that the freestanding GOM is promising for application in the osmotic 
heat engine. Future research regarding improving the mechanical properties and water 
stability of the GOM is beneficial for further advancing the technology. 
6.2. Introduction 
Current excessive reliance on nonrenewable, carbon-emitting fossil fuels to 
generate energy creates severe problems such as climate change and environmental 
pollution[176, 177]. Developing sustainable energy technologies and enhancing the energy 
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utilization efficiency of existing industrial processes are two effective methods to reduce 
the negative effects of fossil fuels[7, 178, 179]. More than 30% of the energy supply is 
consumed by industrial processes in the U.S., and 20–50% of the consumed energy is lost 
in the form of waste heat[7]. Utilizing this waste heat can increase the energy efficiency of 
those processes and also prevent thermal pollution,[180] thereby transforming an 
environmentally harmful process to an environmentally benign process. In addition, a 
significant amount of untapped heat energy is also available from geothermal and solar-
based processes[1]. 
The most efficient way of using the untapped waste heat is directly utilizing it for 
heat pumps and space heating. However, the direct onsite uses are largely confined to the 
locality of the waste heat sources[181]. Hence, when matching needs for direct utilization 
are absent near the sources, converting the waste heat into electricity becomes the only 
option available. However, less than 10% of the waste heat from industrial processes has 
the high quality needed for electricity generation via existing technologies.[182] The 
remaining 90% is in the form of low-grade waste heat with a temperature below 130 
°C[183]. Besides, a large amount of thermal energy exists in the Earth’s crust. To convert 
geothermal energy into electricity, access to a high-temperature heat source by drilling is 
necessary, since the more easily accessible low-grade heat cannot be utilized to generate 
electricity with existing methods[181, 184]. The development of new technologies that can 
efficiently convert low-grade heat into electricity is, thus, beneficial towards utilizing waste 
heat as a sustainable energy source. 
The membrane-based heat engine is a promising technology that can convert low-
grade heat into electricity[6, 185]. The closed-loop power system is composed of two parts: 
104 
 
electricity generation and thermal separation. The electricity generation part converts the 
energy released from the controlled mixing of two solutions with different salinity 
gradients (salt concentrations) into electricity[6]. The principle of pressure retarded 
osmosis (PRO) is utilized in the heat engine to produce pressurized water flow. With the 
help of a semi-permeable membrane, water molecules can transport from the low salt 
concentrated solution (feed solution) to the high salt concentrated solution (draw solution). 
The kinetic energy from the pressurized draw solution is then converted to electricity by 
using a mechanical turbine[123]. Since osmotic pressure acts as the driving force in the 
electricity generation part, the technology is best represented by the osmotic heat engine. 
The osmotic heat engine is the most widely studied membrane-based technology for low-
grade heat harvesting; however, other membrane-based systems have also been proposed 
and evaluated[186]. Alternatively, by regulating the ion transport of different charges, 
osmotic ion flux can be generated inside the system. The ion flux can then be converted to 
an electron flow by using electrodes, whereby electricity can be generated.[15, 81] 
Different from the osmotic heat engine, the above technology uses permselective ion 
exchange membranes (IEMs)[44, 187] to produce an osmotic ionic current known as 
reverse electrodialysis (RED) to power the heat engine[188, 189]. 
The thermal separation part of the osmotic heat engine regenerates the draw 
solution and feed solution by using waste heat as an energy source[6]. Different working 
electrolyte solutions have been evaluated to maximize energy production[190]. Generally, 
the salts that form the electrolyte solutions should pose high solubility in water (or other 
solvents), which provides a large driving force that is easy to regenerate[6, 189].Inorganic 
ionic salts, such as sodium chloride, were investigated in previous studies[191, 192]. In 
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those cases, the waste heat was used to reconcentrate the draw solutions by vaporizing part 
of the water. However, the energy-intensive vaporization process leads to a low thermal 
efficiency[6]. Alternatively, solute extraction was applied to regenerate the draw and feed 
solutions[189]. The salt ions transferred from the draw solution into the feed solutions can 
be extracted during the thermal separation step. Compared to conventional ionic salts, the 
thermolytic salts (ammonium bicarbonate) were found to have a higher conversion 
efficiency of the low-temperature heat sources to power. The thermolytic salts in the 
aqueous phase can be converted to gaseous species (ammonia and carbon dioxide) upon 
heating, and the releasing and resolubilization of the gas molecules can lead to the 




Figure 26 - Schematic illustration of a membrane-based osmotic heat engine for low-




Despite the great progress that has been made in thermodynamic analysis,[6, 181, 
193] techno-economic assessment[7] and alternative solute and solvent investigation,[190, 
194, 195] research on the development of membranes for the osmotic heat engine is scarce. 
The semi-permeable membrane plays an important role in the osmotic heat engine; 
however, the major obstacle to improving the technology is the lack of an adequate 
membrane. The transport properties of the membrane determine water flux and, thus, the 
power generation of the entire system. Conventionally, a thin-film composite (TFC) 
membrane is applied in the system to generate permeate water flux[6]. However, the 
existence of the membrane porous support layer results in an internal concentration 
polarization (ICP), which decreases the effective driving force across the membrane and 
adversely affects the performance of the system[159, 196]. 
In this study, we investigate the application of a freestanding graphene oxide membrane 
(GOM) in the osmotic heat engine. GOM has been applied in many separation practices 
due to its excellent transport properties and sharp molecular cut off[137, 147, 167, 197]. 
By using a freestanding GOM, we aim to minimize the effect of ICP, increase water flux, 
and eventually enhance the energy generation of the osmotic heat engine system. The water 
and ion transport properties of the GOM have been extensively studied. By combining 
experimental work and theoretical modeling, the feasibility of the freestanding GOM for 
application in the osmotic heat engine was explored and the results are discussed herein. 
6.3. Materials and Methods 
6.3.1. Synthesis of GO membranes 
107 
 
GO dispersions were synthesized via a modified Hummer’s method for which 
graphite was oxidized using a combination of sodium nitrate, concentrated sulfuric acid 
and potassium permanganate under controlled reaction temperature[148, 149]. Then, 
hydrogen peroxide was added to terminate the oxidation reaction. The mixture was then 
washed several times with deionized water. Finally, the precipitate was re-dispersed in 
deionized water to form GO dispersion with a concentration of 1 g/L. 
The freestanding GOMs were synthesized by using a vacuum filtration method[151, 198]. 
The as-prepared GO dispersion was first diluted with deionized water and then filtrated 
through an inorganic Whatman anodisc AAO 47-mm diameter filter with a 0.2 μm pore 
size (Whatman, Inc., Clifton, NJ, USA). The AAO filter was proven successful when used 
to synthesize freestanding GOMs with good stability[151]. The GOM can be easily peeled 
off the AAO filter, forming a freestanding membrane after the filtration process is 
complete. According to previous studies, the water permeability coefficient of the GOM 
decreases with the increase of membrane thickness[143, 199]; therefore, in this study, we 
tried to synthesize freestanding GOMs as thin as possible to ensure a high water 
permeability coefficient but, at the same time, we kept enough thickness to ensure 
reasonable mechanical strength. 
6.3.2. Characterization of GO membrane 
GO chemistry was analyzed by a Thermo Scientific K-Alpha X-ray photoelectron 
spectrometer (XPS) system (Thermo Fisher Scientific, USA). SEM images were obtained 
on a Hitachi SU8010 field emission SEM (FE-SEM) system. The thickness of the GOMs 
was measured by using a micrometer. X-ray diffractometry (XRD) was carried out on an 
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X'Pert PRO Alpha-1 diffractometer (40 kV, 40 mA) for both dry and wet GOM samples. 
The wet sample was prepared by soaking the GOM in DI water for 24 h before 
characterization. 
6.3.3. Measurements of GO membrane transport properties 
Membrane water permeability coefficient (A) and salt permeability coefficient (B) 
were measured via a modified reverse osmosis (RO) test cell by using deionized (DI) water 
and salt solutions, respectively. A previous study pointed out that in a conventional RO 
experiment, the membrane does not deform since the permeate channel is supported by a 
porous frit. Hence, the measured membrane A and B values in the RO testing cell would 
be different from that of a deformed membrane in a PRO testing cell[152]. In this study, 
the porous frit in the RO testing cell was replaced by a porous mesh-type SEPA CF medium 
foulant spacer (Sterlitech, Corp., Kent, WA, USA) (Figure 45) to determine the A and B 
values suitable for PRO. The modified RO testing cell has an effective area of 4.1 cm2. 
During the experiment, the feed and permeate channels of the modified RO testing cell 
acted as draw and feed solution channels of the PRO cell, respectively (Figure 45). The 
influent feed solution was pressurized and circulated in the feed channel with a flow rate 
of 400 mL/min, and the permeate was weighted on a minute basis using a digital balance. 
DI water was used as the permeate for the determination of the water permeability 
coefficient. The weight change of the permeate was used to calculate the water flux and 
water permeability coefficient. The membrane was tested for one hour under each applied 
hydraulic pressure (from 2.07 to 8.97 bar), and the water permeability coefficient (A) was 
determined by dividing the water flux by the hydraulic pressure (A = JW/ΔP)[127, 131]. 
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The membrane was tested under a hydraulic pressure of 3.45 bar (50 psi) for 1 hour 
to determine the salt permeability coefficient (B). The membrane salt rejection (R) was 
tested in the modified RO cell by using both sodium chloride solution (NaCl, 50 mM) and 
ammonium bicarbonate solution (NH4HCO3, 50 mM). A conductivity meter was used to 
measure the conductivity of the feed and permeate solutions to calculate the membrane salt 
rejection[185]. The salt permeability coefficient (B) is then calculated by[13, 131]: 
                                              𝐵 =
𝐴(1−𝑅)(𝛥𝑃−𝛥𝜋)
𝑅
                                                  (13)          
where ΔP is the hydraulic pressure, and Δπ is the osmotic pressure of the feed solution in 
the modified RO test. 
6.3.4. Determination of water flux and projected power density in PRO system 
 A customized counter-current cross-flow forward-osmosis (FO) test cell (8 
cm in length and 4 cm in width) was used to measure the GOM water flux. A silicon pad 
with a hole (1 cm × 1 cm) in the center was inserted into the test cell to create an effective 
testing area of 1 cm2. A mesh-type spacer was used inside both the feed and draw solution 
chambers. During the experiment, the feed and draw solutions were pumped into the 
chambers with a cross-flow velocity of 27.8 cm/s. The weight and concentration change of 
the feed solution were monitored by digital balance and a conductivity meter to calculate 
the water flux and (reverse) salt flux, respectively. The test was run for at least one hour 
for each measurement and the average value was calculated. 
The water flux was first measured with 1 M NaCl as a draw solution and then a DI 
water as a feed solution. To investigate the influence of solution pH on the water and salt 
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transport across the GOM, the pH of the feed and draw solutions was adjusted by adding 
HCl or NaOH. Next, the water flux was measured by using NH4HCO3 solutions (0.5 M, 1 
M, 1.5 M and 2 M) as draw solutions, and DI water as feed solution. To evaluate how well 
the GOM can mitigate the ICP during the PRO, NaCl and NH4HCO3 solutions (0.1 M) was 
used as the feed solution. The corresponding water flux for each draw and feed solution 
was calculated. 
Additionally, the water flux and projected power density for PRO when a hydraulic 
pressure is applied was calculated using equations from previous studies[127, 200] 
.Specifically, by considering the effects of ICP, ECP and (reverse) salt permeation[127]: 


















− 𝛥𝑃}                              (14) 
where Jw is the water flux, πF,b is the osmotic pressure of the bulk feed solution, πD,b is the 
osmotic pressure of the bulk draw solution, D is the bulk diffusion coefficient, S is the 
membrane structural parameter, k is the boundary layer mass transfer coefficient, and ΔP 
is the applied hydraulic pressure. The van’t Hoff equation was used to calculate the osmotic 
pressure of the solutions by assuming that the osmotic pressure is linearly proportional to 
the salt ion concentration[127]. The value of k was determined by using a previously 
reported procedure[159]; the value was determined to be 26.8 µm/s. In the PRO system, 
the power density (W) is the product of the water flux across the membrane and the applied 
hydraulic pressure on the draw solution side: 
                                                               𝑊 = 𝐽𝑊𝛥𝑃                                                        (15) 
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6.3.5. Estimation of system energy efficiency 
The osmotic heat engine consumes thermal energy to separate the solute from the 
mixed solution and to generate power by mixing the diluted solution and pressurized 
concentrated solution[181]. The energy efficiency of the overall system can be expressed 
as: 
                                                                  𝜂 =
𝑃
𝑞𝐻
                                                            (16) 
where η is the energy efficiency of the osmotic heat engine, P is the energy generated from 
the electricity generation stage, and qH is the thermal energy consumed to (re)generate the 
draw and feed solutions. By analysis of the osmotic heat engine process in this study 
(Figure 46), the energy efficiency can be calculated by: 
                                                               𝜂 =
𝑊
𝛽𝐽𝑊(𝑐𝑑−𝑐𝑓)
                                                  (17) 
where β is the specific heat duty of ammonium bicarbonate, cd is the concentration of the 
draw solution, and cf is the concentration of the feed solution. Eq. (5) indicates that the 
energy efficiency is independent of membrane area and operation time. More detailed 
calculation of the system energy efficiency is shown in the Appendix D.1. 
6.4. Results and Discussion 
6.4.1. Material characterization 
According to the C1s XPS spectra (Figure 27a), both non-oxygenated carbon (C-
C, 285.60 eV) and oxygenated carbon (C-O, 287.72 eV and C=O, 288.50 eV) can be 
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identified from the synthesized GO. The GO sheets were dispersed on a silicon wafer and 
then characterized by SEM. The SEM image (Figure 27b) indicates that the GO sheet has 
an average dimension of 2–3 µm. The photograph (Figure 47) of the synthesized 
freestanding GOM indicates it is circular with a uniform thickness. The surface 
morphology of the freestanding GOM synthesized with the AAO filter was determined by 
the SEM, and a smooth surface was observed (Figure 27c), which is similar to previous 
studies[151, 201]. The thickness of the freestanding GOM was measured by using a 
micrometer. To ensure the synthesized GOM has a high water permeability coefficient, we 
have made the GOM as thin as possible. The thinnest GOM we were able to synthesize has 
a thickness of 1.73 µm. GOMs with a smaller thickness do not have enough mechanical 
stability; they tend to break easily or are difficult to peel off the AAO filter. The GOM 
cross-sectional SEM image (Figure 27d) reveals a well-packed layered structure 
throughout the GOM sample. The layered structure of the GOM was evidenced via its X-
ray diffraction (XRD) pattern (Figure 47). The dry and wet GOMs have an interlayer 
spacing of 0.83 nm and 1.54 nm, respectively. The GOM with a thickness of 1.73 µm was 
extensively characterized in terms of transport properties and power generation 







Figure 27 - Characterization of GO and freestanding GOM. (a) Fitting results of C1s 
XPS spectra of the GO material, (b) SEM image of GO sheets dispersed on a silicon 
wafer, (c) surface SEM image of the freestanding GOM, and (d) a cross-sectional 




6.4.2. GO membrane water and ion transport properties 
Water permeability coefficient (A) of the freestanding GOM was determined by 
using the modified RO testing cell. Figure 28a lists the water permeability coefficient of 
the GOM under the different hydraulic pressures. The water permeability coefficient is 
consistent across all the measured hydraulic pressure range (from 2.07 bar to 6.90 bar), 
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indicating negligible membrane compaction. A water permeability coefficient of 4.4 L m-
2 h-1 bar-1 (LMH-bar) was determined for the GOM by averaging the water permeability 
coefficients obtained from different hydraulic pressure values. The burst pressure of the 
GOM was determined to be between 6.90 bar and 8.97 bar. During the experiment, when 
the hydraulic pressure increased from 6.90 bar to 8.97 bar, there was a sharp increase in 
water flowrate across the membrane[202, 203], indicating that under the hydraulic pressure 
of 8.97 bar, the membrane could not maintain structural integrity. The membrane salt 
permeability coefficient was calculated based on the results from the modified RO tests. 
With a transmembrane hydraulic pressure of 3.45 bar, 50 mM of NaCl and NH4HCO3 
solutions were used as the feed solutions, respectively. For the NaCl solution, a rejection 
of 32.64 % yields a salt permeability coefficient (B) of 11.13 LMH. For the NH4HCO3 
solution, a slightly higher rejection of 34.58 % results in a salt permeability coefficient of 
10.20 LMH. 
The GOM was also tested under a lab-scale FO system, to further characterize the 
transport properties as well as estimate the PRO power generation preformation. First, 1 M 
of NaCl solution and DI water were chosen as draw and feed solutions, respectively. To 
investigate the influence of solution pH on the transport of the GOM, the draw and feed 
solutions with different pH values were used. Figure 28b shows the water and (reverse) salt 
flux under various pH values. The water and salt flux remain almost unchanged across the 
entire investigated pH range, suggesting that solution pH has a negligible influence on the 
GOM water and salt transport in the osmosis process. The carboxyl group, existing at the 
edge of the GO sheets[204], has been reported to play an important role in ion exchange 
and adsorption[205, 206]. As a weak acid, carboxyl has a pKa value of about 4.8. When 
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the solution pH increases, carboxyl groups become deprotonated, which could increase the 
charge density of the GOM. As a result, the transport of the charged species, such as ions, 
can be potentially influenced. However, the ion transport of GOMs during osmosis was 
unaffected. A possible explanation is that the density of the carboxyl group is not high 
enough, so the influence of the carboxyl on the ion transport during osmosis can be 
neglected. 
Then, the membrane water flux was measured by varying the concentration of the 
draw solution. Figure 28c shows the water flux changing with the increase of the NaCl 
draw solution concentration. When DI water acts as the feed solution, the water flux 
increases almost linearly with the increase of the draw solution concentration. The water 
flux increases from 42.5 LMH for 0.5 M draw solution to 157.5 LMH for 2 M draw 
solution. The change of water flux shares the same trend with 0.1 M of NaCl solution acting 
as the feed solution. However, due to the slightly decreased concentration gradient, the 
GOM experiences a reduced effective driving force, and the water flux is lower than that 
when DI water is used as the feed solution. The linear increase of water flux with the 
increase of the draw solution concentration indicates the weakening of internal 
concentration polarization (ICP). ICP is a major limiting factor hindering the performance 
of the FO and PRO membranes[123]. For a conventional thin-film composite (TFC) 
membrane, when salt ions get trapped inside the membrane support layer, the effective 
driving force across the membrane can decrease significantly, leading to a much lower 
water flux than expected[159]. However, by using the freestanding GOM, the ICP can be 
reduced due to the elimination of the membrane support layer. As a result, a larger driving 
force can be maintained, and a higher water flux can be achieved. Similar water flux results 
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were obtained when replacing NaCl solution with NH4HCO3 solution, as shown in Figure 
28d. The application of the freestanding GOM results in a significant reduction of the 





Figure 28 - (a) Water permeability coefficient of GOM under different hydraulic 
pressure differences, (b) water flux and salt flux change with the change of solution 
pH in FO system (1 M NaCl solution and DI water as draw and feed solutions, 
respectively), (c) water flux as a function of draw solution (NaCl) concentration in the 
FO system by using DI water or 0.1 M of NaCl as feed solution, and (d) water flux as 
a function of draw solution (NH4HCO3) concentration in the FO system by using DI 




6.4.3. Projected power density and energy efficiency in the osmotic heat engine 
The electricity generation part of the osmotic heat engine determines how much 
electricity can be generated from the system. Power density in terms of unit membrane area 
is calculated based on the membrane water flux and the draw solution hydraulic pressure. 
Since the freestanding GOM does not have a support layer, and the water flux is almost 
proportional with the draw solution concentration (Figure 28c and d), the membrane ICP 
is neglected during the power density calculation. The membrane structural parameter (S) 
is used to quantify the influence of ICP on water flux and power density;[207] thus, the 
structural parameter is assumed to be zero in this study.  
According to our calculation (using Eq (2) and (3)) as well as previous studies, the 
power density (W) increases with the increase of the applied hydraulic pressure on the draw 
solution side[6, 127]. When the hydraulic pressure is approximately half of the osmotic 
pressure difference between feed and draw solutions, peak power density is achieved 
(Figure 48). Fig 26a lists the calculated peak power density values from the different 
NH4HCO3 draw solutions (feed solution is DI water). As draw solution concentration 
increases from 0.5 M to 2 M, the peak power density increases from 7.3 W/m2 to 56.3 
W/m2. Since the determined burst pressure is between 6.90 and 8.97 bar, the GOM in its 
current state cannot withstand half the osmotic pressure differences. The corresponding 
power density values were calculated for each hydraulic pressure below the burst pressure. 
As shown in Figure 29b, the power density increases with the increase of the hydraulic 
pressure on the draw solution side. Under a hydraulic pressure of 6.90 bar, the membrane 
power density reaches 6.7 W/m2, 12.8 W/m2, 16.9 W/m2 and 20.0 W/m2 when the 
NH4HCO3 draw solution concentrations are 0.5 M, 1 M, 1.5 M and 2 M, respectively. The 
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power density values, when considering the burst pressure, are lower than the peak values; 
however, they are higher than the power densities from previous studies under similar 
conditions[185, 189, 190, 208]. 
Energy efficiency measures the ratio of the thermal energy that can be converted 
into electricity. By assuming the temperature of the heat source is as low as 50 °C, an 
energy efficiency analysis on the osmotic heat engine that incorporates the GOM was 
conducted. It should be noted that according to our developed model (Appendix D.1), the 
energy efficiency is not influenced by the scale of the system. Instead, the system energy 
efficiency was found to increase with the increase of applied hydraulic pressure on the 
draw solution side (Figure 48). When the applied hydraulic pressure equals the osmotic 
pressure difference between the feed and draw solutions, the system energy efficiency 
reaches its highest value (around 5%), even though the power density is almost zero under 
such hydraulic pressure. When peak power density is reached (the hydraulic pressure is 
half the osmotic pressure difference), the osmotic heat engine achieves an energy efficiency 
of 2.48% (Figure 29c). The estimated optimal energy efficiency does not change with the 
draw solution concentration. When the draw solution of higher salt concentration is 
utilized, higher peak power density can be achieved, which is beneficial to energy 
generation. However, more thermal energy is needed to regenerate the feed and draw 
solutions when the draw solution concentration is higher, making the overall energy 
efficiency unchanged. The applied hydraulic pressure was found to have a significant 
influence on the energy efficiency: when the hydraulic pressure increases, the energy 
efficiency also increases (Figure 29d). For example, when the hydraulic pressure increases 
from 2.07 bar to 6.90 bar, the energy efficiency increases from 0.41%, 0.21%, 0.14% and 
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0.10% to 1.38%, 0.69%, 0.46% and 0.35% with the draw solution concentration of 0.5 M, 
1 M, 1.5 M and 2 M, respectively. Although the system energy efficiency keeps increasing 
with the increase of the applied hydraulic pressure, the power density decreases when the 
applied hydraulic pressure is larger than half the osmotic pressure difference. At the same 
hydraulic pressure, lower draw solution concentration leads to higher energy efficiency 
because when the draw solution concentration is lower, less energy is needed to regenerate 









Figure 29 - Power generation of the GOM. (a) Peak power density values of the GOM 
with different draw solution concentrations. (b) Power density values of the GOM 
under different applied hydraulic pressures. (c) Energy efficiency values with 
different draw solution concentrations when peak power density is achieved. (d) 




The osmotic heat engine outperforms existing technologies in terms of the feasible 
temperature. The system can generate electricity from heat sources of very low temperature 
as long as the solutes can be dissociated. According to previous studies, the NH4HCO3 
solution can be ideally regenerated at a temperature of about 50 °C[189]. In this study, the 
membrane ICP is largely reduced by using the freestanding GOM. The reduction of 
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membrane ICP can significantly increase the effective driving force across the membrane. 
For commercial TFC membrane, high water flux and high power density can be achieved 
when DI water is used as the feed solution in the PRO system since there is no ICP in this 
situation[6]. However, it is a daunting task to eliminate all the solvent from the feed 
solution during the thermal separation process. When solvent residues retain in the feed 
solution, severe ICP will occur and water flux and power density will significantly decrease 
for TFC membranes. However, by using the freestanding GOM, a high water flux can still 
be achieved even when the feed solution contains a high concentration of salt (Figure 28c 
and d).  
The results from this study show that when the applied hydraulic pressure is lower 
than half the osmotic pressure difference, both the power density and energy efficiency 
increase with the increase of the applied hydraulic pressure. However, the burst pressure 
of the GOM became the limiting factor for energy generation. The freestanding GOM in 
its current state can only resist about 6.90 bar of hydraulic pressure in the PRO system. The 
mechanical strength, and thus the burst pressure, might be increased by increasing the 
GOM thickness. However, when the GOM thickness increases, the water permeability 
coefficient will decrease, which would hinder the energy generation in the osmotic heat 
engine. In addition, the low stability of the GOM in water has been singled out as a key 
factor that has prevented the GOM from being applied on a large scale. It is quite possible 
that the low stability of GOM in water and the low burst pressure are related. Although 
GOMs were reported to have good mechanical properties in their dry state[170], the 
swelling of GOM upon hydration (indicated by the XRD result in this study) can decrease 
its stability, and thus the mechanical properties. Fortunately, many recent studies have 
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focused on increasing the stability and mechanical properties of the GO-related 
membranes[169, 209, 210]. The current study explores the suitability of freestanding 
GOMs in the osmotic heat engine for low-grade waste heat harvesting. Our efforts to 
develop GOMs with good transport properties as well as stability (in water) are essential 
to the success and further enhancement of system performance. 
6.5. Conclusion 
In summary, we have synthesized and investigated the performance of a 
freestanding GOM in the membrane-based osmotic heat engine. The water and ion 
transport properties of the freestanding GOM have been investigated. The GOM has an 
average water permeability coefficient of 4.4 LMH-bar. Due to the elimination of the 
membrane support layer, the ICP is largely minimized in the osmosis system. The GOM 
can achieve high power density in the osmotic heat engine using ammonium bicarbonate 
solution as the working fluid. Under an applied hydraulic pressure of 6.90 bar, the 
membrane power density reaches 6.7 W/m2, 12.8 W/m2, 16.9 W/m2 and 20.0 W/m2 when 
the draw solution concentration is 0.5 M, 1 M, 1.5 M and 2 M, respectively. The system 
energy efficiency was found to increase with the increase of applied hydraulic pressure. 
The current study concludes that the freestanding GOM is suitable for the application in 
the osmotic heat engine. However, future research on the development of GO-based 
membranes with higher burst pressure and better stability in water is needed to further 





CHAPTER 7.      MAJOR CONCLUSIONS AND FUTURE WORK 
The major conclusions from this dissertation are: 
1. RED-specific O-MWCNT nanocomposite CEMs were synthesized with 
different O-MWCNT loadings. The nanocomposite CEMs had better physiochemical 
properties (CD and SD) and electrochemical properties (IEC, permselectivity, and 
resistance) than the pristine polymeric CEM. Anti-fouling tests showed that the 
nanocomposite CEMs had better fouling resistant properties than the commercial CSO 
membrane. By incorporating O-MWCNTs, both membrane surface hydrophilicity and 
surface charge density increased. The enhancement of these surface properties might 
explain the enhancement of membrane anti-fouling properties. For energy generation in 
the RED system, the nanocomposite CEMs had higher power density than the commercial 
FKS membrane. Nanocomposite membranes were found to be attractive candidates for 
application in electrochemical systems like RED. By incorporating nanomaterials into 
polymer membranes, anti-fouling properties and energy generation in RED could be 
improved simultaneously.  
2. Membrane micro-structure change and the influence on ion transport was 
explored for nanocomposite CEMs. A series of nanocomposite CEMs were synthesized by 
using SPPO as polymer material and silica NP (unsulfonated or sulfonated) as a 
nanomaterial. By analyzing the measured data with a computational model, we found that 
the membrane property change is closely related to the change of membrane micro-
structure. With the adding of silica NPs, the interaction between the NP and the polymer 
chain leads to an increase of the membrane free volume (inter gel phase), allowing the 
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membrane to absorb more water upon hydration. Also, in the presence of NPs, the 
sulfonated polymer segments tend to expand, while the unsulfonated segments tend to 
depress. The increase of sulfonated polymer segments (pure gel phase) volume might 
explain the increase of membrane IEC. Generally, by the incorporation of nanomaterials, 
ion transport inside CEMs becomes more efficient. The results of this study can contribute 
to the value of future designs of new nanocomposite IEMs. 
3. Ultrathin freestanding GOMs was synthesized and the performance in the PRO 
system was first evaluated. The freestanding GOMs showed moderate water permeability 
coefficient and excellent mechanical strength. Due to the elimination of the membrane 
support layer, the freestanding GOMs can mitigate internal concentration polarization 
during the PRO process. Although the GOMs showed high salt permeability coefficient 
when hydraulic pressure is applied to the draw solution side, high water flux and high 
power density were obtained. Furthermore, higher power density can be achieved by 
designing GOMs with better mechanical strength and higher water permeability 
coefficient. In general, the current study initiates a new way of designing PRO membranes 
and represents a step forward towards the application of the PRO for sustainable energy 
generation. 
4.  The freestanding GOM was investigated in membrane-based osmotic heat 
engine in terms of energy harvesting ability. The GOM can achieve high power density in 
the osmotic heat engine using ammonium bicarbonate solution as the working fluid. The 
system energy efficiency was found to increase with the increase of applied hydraulic 
pressure. The study concludes that the freestanding GOM is suitable for the application in 
the osmotic heat engine. However, future research on the development of GO-based 
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membranes with higher burst pressure and better stability in water is needed to further 
advance this carbon neutral, transformative technology. 
Based on the conclusions from this dissertation, future works on the further advance 
of the technologies to harvest energy may include: 
(1) Design of new types of nanocomposite ion exchange membranes with better 
energy generation performance in the RED system. Based on our analysis, 
nanomaterials can have a significant influence on the membrane properties 
since the micro-scale structure of the membrane can be influenceed by the 
nanomaterials. As diverse nanomaterials and more innovative synthesizing 
methods are developed, the nanocomposite membranes are expected to play 
more important roles in enhancing the performance of systems like RED and 
further diminish the membrane fouling problem. 
(2) The development of more robust freestanding membranes for the application 
osmotic-driven processes. The freestanding membranes have great potential in 
osmotic-driven processes like PRO and FO since they can largely minimize 
internal concentration polarization and increase driving force across the 
membrane. However, since the freestanding membranes are ultrathin and act as 
an active layer, the osmotic and hydraulic pressures in the membrane system 
may destroy the membrane structural integrity easily. The development of 
robust freestanding membranes which can resist the pressures thus will 
evolutionally increase the efficiency of the osmotic-driven processes including 
PRO, FO, and osmotic heat engine. For the freestanding GOM, the relatively 
poor stability in water can reduce its mechanical property in the working state 
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(in an aqueous environment). A more robust GOM with higher burst pressure 
thus can be achieved by increasing the membrane stability in water. Adding 
cross-linkers inside the GO layers is an effective way to decrease swelling in 
water. Also, composite membranes synthesized by using GO and other 
organic/inorganic might also be effective. A freestanding membrane (with only 
an active layer) may also be designed by using other 2-dimensional 














APPENDIX A.       SUPPORTING INFORMATION FOR CHAPTER 3 
A.1  Detailed description of the characterization of CEMs 
A.1.1 Swelling Degree 
The swelling degree (SD) refers to the wet membrane water content. The membrane 
SD was characterized by the weight difference between the dried and wet membrane. First, 
the membrane sample was immersed in DI water for 24 h. Then the wet membrane sample 
was weighted immediately after mopping with filter paper to remove surface water. The 
wet membrane sample was dried in the oven at 50 °C until a constant weight was obtained. 
The SD was calculated in wt % by the following equation: 
                                                       𝑆𝐷 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦
𝑊𝑑𝑟𝑦
× 100%                                                     (18) 
where Wwet and Wdry are the mass (g) of wet and dried membrane samples, respectively. 
A.1.2 Ion exchange capacity 
Ion exchange capacity (IEC) is the number of charged functional groups per unit 
weight of the dried membrane. IEC of membranes was determined by titration. The 
membrane sample was first immersed in 1 M of HCl for 16 h. After rinsed with DI water, 
the sample was then immersed into 1 M of NaCl for another 6 h to undergo ion exchange 
(i.e., the replacement of proton by Na+). The resulting NaCl solution containing released 
protons was then titrated with 0.01 M of NaOH by using phenolphthalein as an indicator. 
The IEC of the membrane was calculated by the following equation: 
                                           𝐼𝐸𝐶 =
𝐶𝑁𝑎𝑂𝐻×𝑉𝑁𝑎𝑂𝐻
𝑊𝑑𝑟𝑦
                                                    (19)  
where CNaOH is the concentration of NaOH (M) used, and VNaOH is the volume of NaOH. 
A.1.3 Fixed charge density 
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Fixed charge density (CD), expressed in the number (mmol) of fixed charge groups 
per mass (g) of water in the membrane, was determined by the IEC over the SD of the 
membrane: 
                                                  𝐶𝑓𝑖𝑥 =
𝐼𝐸𝐶
𝑆𝐷
                                                             (20) 
where Cfix is the fixed charge density (meq/g H2O) of the membrane. 
A.1.4 Ionic resistance 
The membrane ionic resistance was measured by using a four-compartment cell 
made from Plexiglas. Totally three IEMs were set in the four compartments. The membrane 
in the center of the set-up was the membrane under investigation; the other two membranes 
were FKS (Fumasep®, Fumatech, Germany) commercial CEMs. All the membranes had 
an effective area of 7.91 cm2. The two inner compartments were pumped with 0.5 M of 
NaCl solution; the outer compartments (electrode compartments) contained 0.5 M of 
Na2SO4 solution. Two titanium electrodes covered by platinum were used. The solutions 
were pumped by using two peristaltic pumps (Cole-Parmer, USA). A power supply was 
connected to the two electrodes. The voltage drop across the membrane was recorded for 
the applied current density. The measured resistance was obtained by the slope of current 
density versus the potential drop. Then the membrane ionic resistance was determined by 
subtracting the measured blank resistance (without membrane) from the measured 
membrane resistance. 
A.1.5 Permselectivity 
The permselectivity of the ion exchange membrane is an indicator of the ability to 
discriminate the cation from the anion. The apparent permselectivity (α) of the cation 
exchange membrane was measured by using a static potential method. A two-compartment 
cell was used, and the test membrane was placed to separate the two compartments with 
an effective area of 4.8 cm2. 0.1 M and 0.5 M of NaCl solutions were used to fill the two 
compartments. Two Ag/AgCl reference electrodes (Hanna Instruments, USA) were 
applied to measure the potential difference across the membrane. In order to minimize the 
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effect of the diffusion boundary layer on the measurement, the aqueous solutions in both 
compartments were vigorously stirred by using magnetic stir bars. The apparent 
permselectivity was then determined by the ratio of the measured potential (∆Vmeasured) over 
the theoretical potential (∆Vtheoretical), as shown in the following equation: 
                                    α(%) =
ΔVmeasured
ΔVtheoretical
× 100%                                           (21) 
where α is the apparent membrane permselectivity (%), and ∆Vmeasured and ∆Vtheoretical are 
the measured and theoretical membrane potentials (mV), respectively. The theoretical 
membrane potential, which is the potential for an ideal membrane with 100% 
permselectivity, was calculated to be 37.9 mV by using the Nernst equation. 
A.2  Surface AFM images of synthesized nanocomposite CEMs 
  
 
Figure 30 - Surface AFM images of nanocomposite membranes: (a) pristine SPPO 
membrane, (b) composite 0.1 wt % O-MWCNT membrane, (c) composite 0.2 wt % 
O-MWCNT membrane, (d) composite 0.3 wt % O-MWCNT membrane, (e) 
































Table 8 - Complete surface roughness parameters of nanocomposite CEMs. 
Membranes Sa [nm] Sq [nm] Sz [nm] 
SPPO 3.5 5.6 85.4 
SPPO-0.1 O-MWCNT 7.0 9.0 93.6 
SPPO-0.2 O-MWCNT 10.0 13.7 109.0 
SPPO-0.3 O-MWCNT 14.6 18.8 157 
SPPO-0.5 O-MWCNT 26.5 33.6 234 
SPPO-0.8 O-MWCNT 36.7 45.7 289 
Note: Sa, Sq, and Sz are mean roughness, root mean square of the Z data and mean difference 





A.4 List of the properties of all CEMs 
 
 




IECa [meq g 
dry-1] 







SPPO 48 1.90 36.9 5.1 89.9 0.70 
SPPO-0.1 O-
MWCNT 
47 2.12 38.6 5.5 90.0 0.60 
SPPO-0.2 O-
MWCNT 
58 2.15 42.1 5.1 91.1 0.58 
SPPO-0.3 O-
MWCNT 
61 2.20 42.6 5.2 91.7 0.51 
SPPO-0.5 O-
MWCNT 
70 2.28 42.1 5.4 95.3 0.45 
SPPO-0.8 O-
MWCNT 
62 1.78 38.9 4.6 91.2 0.62 
SPPO-1.1 O-
MWCNT 
65 1.77 38.7 4.6 89.9 0.65 
SPPO-1.5 O-
MWCNT 
69 1.77 37.6 4.7 90.8 0.67 
CSO 100 1.04 16.0 6.5 94.7 2.26 
FKS 50 1.40 22.0 6.4 98.3 1.87 
a Ion exchange capacity. 
b Swelling degree. 




A.5 Potential (α2/R) of IEMs 
Nernst equation in the RED system: 






)                                                     (22) 
where POCV is the open circuit voltage (OCV), α is the apparent membrane permselectivity, 
N is the total number of membranes, Rg is the gas constant (J/ mol·K), T is the temperature 
(K), z is the valence of the ions, F is the Faraday constant (96485 C/ mol), ac and ad are the 
activities of concentrated and diluted solutions (mol/ m3), respectively. 
Power density could be computed as: 




                                                           (23) 
where P is the power density (W/ m2) of the RED system, and Rtotal is the total ionic 
resistance (Ω·cm2) of the stack. 
When combining the above two equations, 









)]2                                            (24) 
When comparing different membranes, and keeping other factors (salinity gradient, 
electrodes, flow rate, intermembrane distance, etc.) the same, only apparent membrane 
permselectivity (α) and total ionic resistance (Rtotal) change in the equation. Thus, we can 
say that (α2/Rtotal) is proportional to the power density of the RED system. 
The total ionic resistance of the RED stack can be split into ohmic resistance and 
non-ohmic resistance. The non-ohmic resistance is generated by the change of the 
electromotive force during the process. For simplification, we assume that the non-ohmic 
resistance is constant for different membranes. Further, when only changing CEMs in the 
system, and keeping others (AEMs, spacers, and electrodes, etc.) the same, the total 
resistance (Rtotal) would be only influenced by the resistance of CEMs (R). The total 




2/R) also have a positive correlation. Thus, it is possible to predict and 
compare the power generation performance of different CEMs by assessing only (α2/R). 
We call the term (α2/R) the membrane performance potential. It is an intrinsic property and 
does not change with the environment. 
 
 
A.6 Measured gross power density of CEMs 
 







APPENDIX B.       SUPPORTING INFORMATION FOR CHAPTER 4 








B.2  Molecular Weight of Sulfonated and Unsulfonated Silica NPs 
 Hydroxyl groups are attached to the surface of silica NPs. For the calculation of the 
molar weight of sulfonated silica NPs, first by assuming that all the hydroxyl groups are 
reacted, then 
                     𝑀𝑠𝑖𝑙𝑖𝑐𝑎⁡𝑁𝑃𝑠,𝑠𝑢𝑙𝑓𝑜𝑛𝑎𝑡𝑒𝑑 =
𝑀𝑠𝑖𝑙𝑖𝑐𝑎+𝑀𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙⁡𝑔𝑟𝑜𝑢𝑝𝑠
1⁡𝑚𝑜𝑙












Before the sulfonation reaction, all the functional groups were hydroxyl groups that 
attached on the NP surfaces. 
                               𝑀𝑠𝑖𝑙𝑖𝑐𝑎⁡𝑁𝑃𝑠,𝑢𝑛𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑒𝑑 =
𝑀𝑠𝑖𝑙𝑖𝑐𝑎+𝑀ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑙⁡𝑔𝑟𝑜𝑢𝑝𝑠
1⁡𝑚𝑜𝑙











So, the molecular weight of silica NPs is almost unchanged during the sulfonation reaction. 
Thus, different silica NPs have different weight percentage as long as they have different 
molar numbers. 
B.3  Characterization of IEMs 
The membrane sample in the acid form (H+) was immersed into 1 M of NaCl for 6 
hours. The resulting NaCl solution containing released protons was then titrated with 0.01 
M of NaOH solution by using phenolphthalein as an indicator. Then the membrane sample 
was immersed in DI water for one day. After that, the wet membrane sample was weighted 
immediately after mopping with filter paper. The membrane sample was then dried in the 
oven at 50 °C until a constant weight (as dry weight) was obtained. The membrane IEC 
and swelling degree (SD) were then calculated by: 
                                        𝐼𝐸𝐶 =
𝐶𝑁𝑎𝑂𝐻×𝑉𝑁𝑎𝑂𝐻
𝑊𝑑𝑟𝑦
                                                     (27) 
                                                    𝑆𝐷 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦
𝑊𝑑𝑟𝑦
× 100%⁡⁡                                           (28) 
where CNaOH is the concentration (M) of NaOH solution used, VNaOH is the volume (L) of 
the NaOH solution, and Wwet and Wdry are the mass (g) of wet and dried membrane 
samples, respectively. All the measurements were conducted for at least three times. 
Membrane porosity was calculated by using measured membrane weight data [37]: 
                                         𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦
𝐴𝛿𝜌𝑤
× 100%                                      (29) 
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where A is the area of the wet membrane sample, δ is the thickness of the wet membrane 
sample, and ρw is the density of water. 
Membrane apparent permselectivity was determined by calculating the ratio of 
measured membrane potential and theoretical membrane potential derived from the Nernst 
equation. The membrane potential was measured by using a static potential method [35, 
81]. The test membrane was set in between two cells with an open area of 4.8 cm2. NaCl 
solutions of 0.5 M and 0.1 M were filled in the two cells, respectively. Two Ag/AgCl 
reference electrodes (Hanna Instruments, USA) were used two measure the potential 
difference across the membrane. The solutions in the two cells were vigorously stirred by 
using magnetic stir bars during the process, to minimize the diffusion boundary layer effect. 
The apparent permselectivity was then calculated by: 
                                              𝛼(%) =
∆𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
∆𝑉𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
× 100%                                (30) 
Membrane ionic resistance was measured by using a four-compartment Plexiglas 
cell [35]. Totally three membranes were set inside the measuring system, the membrane in 
the center was the one under investigation, and the other two were commercial FKS 
(Fumasep®, Fumatech, Germany) CEMs. All membranes were stabilized and had an 
effective area of 7.9 cm2. All four compartments were filled with 0.5 M of NaCl solution, 
with two outer compartments having an immobile solution, and two inner compartments 
having inflow and outflow. The water flows were managed by using two peristaltic pumps 
(Cole-Parmer, USA). Two titanium electrodes covered with platinum were placed at edges 
of the outer compartments and were connected to a power supply. Different current 
densities were applied, and corresponding potentials were recorded. The resistance was 
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obtained by the slope of current density versus the potential drop. The final membrane 
ionic resistance was calculated by subtracting the measured blank resistance (solution 
resistance) from the measured resistance. 
 
 
B.4  AFM Phase Images of Membrane Surface 
 




Tapping mode AFM phase images of membrane surface were obtained, on an area 
of 500 nm × 500 nm. Since the membrane surface roughness could influence the surface 
phase [106], only the regions with low morphological changes were recorded. Figure 33 
shows the phase images of membranes 1, 3a and 3b. The lower domains indicate the soft 
and hydrophilic ionic clusters, and the higher domains correspond to the hard and 
141 
 
hydrophobic polymer backbone. Generally, the hydrophilic ionic clusters are responsible 
for ion transport, and the hydrophobic domains maintain the stiffness and stability of the 
membrane [111]. Figure 33 shows a nanophase separation morphology [106, 109], and 
some of the hydrophilic regions interconnect with each other to some degree. In literature, 
tapping mode AFM image has been extensively utilized to detect membrane microscale 
ion channels [108, 109, 111], and in many cases, the structural difference could be 
successfully distinguished for membranes with different microscale structures. Moreover, 
SEM or TEM images were also applied sometimes to characterize membrane microscale 
structures [110]. In this study, membrane 1 contains more lower domains than membrane 
3a and membrane 3b. 
The change of the small scale (500 nm × 500 nm) membrane morphology (phase 
images) might be due to the incorporation of nanomaterials; however, to get more detailed 
information of the membrane hydrophilic-hydrophobic domain relation and distribution, 
larger scale (50 µm × 50 µm) AFM phase images were obtained. Larger scale phase images 
contain more points; thus, they are more statistically significant. Furthermore, instead of 
categorizing the membrane domains into distinctly hydrophilic or hydrophobic, we 
classified different parts of membrane area according to the degree of stiffness by using 
Slice function in Pico Image software. At least six measurements were conducted for each 
sample. Figure 34 shows the large-scale phase images and stiffness distributions of all the 
membrane samples. The larger number of degrees, which results from larger water swelling 
on the hydration of the material, indicates the more hydrophilic nature of the material. 
Different degrees of stiffness represent by different colors in the phase images. It is obvious 
that with the addition of NPs, degree distribution shifts to the right, meaning that the 
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number of relatively hydrophilic domains as well as membrane mean surface 


























Figure 34 - Large scale (50 µm × 50 µm) phase images of (a) membrane 1, (c) 
membrane 2a, (e) membrane 2b, (g) membrane 3a, (i) membrane 3b, (k) membrane 
4a, (m) membrane 4b, (o) membrane 5a, and (q) membrane 5b; areal phase (stiffness) 
distributions of (b) membrane 1, (d) membrane 2a, (f) membrane 2b, (h) membrane 















































Table 10 - Cross-sectional carbon and silicon elements weight percentages of selected 
membranes by EDX. 
Membranes C (wt%) Si (wt%) 
Membrane 3a 73.7 0.1 
Membrane 3b 76.7 0.1 
Membrane 5a 77.4 0.2 



















Table 11 - Measured membrane ionic resistance (R) in different solution 
concentrations. 
Membranes 
  Membrane ionic resistance [Ω cm2] in different solution concentrations 
0.01M 0.02M 0.05M 0.08M 0.1M 
Membrane 1 16.81±0.56 13.49±0.46 7.92±0.33 5.69±0.18 4.81±0.26 
Membrane 2a 16.29±0.35 12.97±0.39 7.19±0.46 5.11±0.25 4.17±0.17 
Membrane 2b 16.22±0.29 12.63±0.48 7.48±0.25 5.35±0.27 4.12±0.39 
Membrane 3a 16.39±0.75 12.78±0.64 7.27±0.19 5.39±0.19 4.17±0.34 
Membrane 3b 16.24±1.16 12.83±0.29 7.37±0.36 5.21±0.46 4.22±0.29 
Membrane 4a 15.92±0.09 12.18±0.46 6.77±0.43 4.83±0.43 3.62±0.11 
Membrane 4b 16.03±0.26 12.24±0.75 6.94±0.26 4.68±0.27 3.67±0.03 
Membrane 5a 16.34±0.46 12.72±0.81 7.35±0.41 5.26±0.61 4.25±0.15 








Table 12 - Calculated membrane conductivity (km) in different solution 
concentrations. 
Membranes 
  Membrane conductivity [ µS cm-1] in different solution concentrations 
0.01M 0.02M 0.05M 0.08M 0.1M 
Membrane 1 464.0±15.0 578.2±19.1 984.9±39.4 1370.8±42.0 1621.6±83.2 
Membrane 2a 570.9±12.0 717.0±20.9 1293.5±77.8 1819.9±84.9 2230.2±87.4 
Membrane 2b 579.5±10.2 744.3±27.2 1256.7±40.6 1757.0±84.4 2281.6±197.3 
Membrane 3a 597.9±26.2 766.8±36.6 1348.0±34.3 1818.2±61.9 2350.1±177.2 
Membrane 3b 603.5±40.2 763.8±16.9 1329.7±61.9 1881.0±152.6 2322.3±149.3 
Membrane 4a 571.6±32.2 747.1±27.2 1344.2±80.3 1884.1±154.0 2513.8±74.1 
Membrane 4b 555.2±8.9 727.1±42.0 1282.4±46.3 1901.7±103.7 2425.1±19.7 
Membrane 5a 538.6±14.7 691.8±41.4 1197.3±63.3 1673.0±173.9 2070.6±70.6 




B.7 Degree of Sulfonation and Volume Fraction of Pure Gel Phase 
The degree of sulfonation (DS) of polymers could be calculated by: 












× 100%                                  (31) 
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where MSPPO is the molar weight (g/ mol) of sulfonated PPO, and MPPO is the molar weight 
(g/ mol) of PPO. Theoretically, all the SPPO in this study should have the same DS, since 
all the PPO were sulfonated from the same batch. However, it is obvious that the addition 
of NPs increased the IEC of membranes, thus we rationalized the fact by assuming that the 
NPs change the DS of membrane polymeric material. So that different membranes could 
be treated as they were synthesized by using polymeric materials of different DS. 
By assuming that all the monomers, whether sulfonated or not, occupy the same 
volume in the matrices, volume fraction of pure gel phase (f11) could be obtained as the 
product of DS and polymer gel phase (f1), and the rest of the gel phase is occupied by inert 
polymer phase (f12): 
                                                𝑓11 = 𝐷𝑆 × 𝑓1                                                  (32) 










Table 13 - Degree of sulfonation and different membrane gel phases. 
Membranes f1 [%] DS [%] f11 [%] f12 [%] 
Membrane 1 44.8 30.9 13.8 31.0 
Membrane 2a 40.1 33.7 13.5 26.6 
Membrane 2b 41.6 33.7 14.0 27.6 
Membrane 3a 41.2 33.4 13.8 27.4 
Membrane 3b 41.2 34.0 14.0 27.2 
Membrane 4a 36.8 37.4 13.8 23.0 
Membrane 4b 36.4 37.0 13.5 22.9 
Membrane 5a 41.5 32.2 13.4 28.1 












B.8 Measured Porosity of Membranes 
Membrane porosity was calculated by using the method in B.3. Porosity of all the 





Table 14 - Porosity of synthesized membranes. 
Membranes Porosity [%] 
Membrane 1 55.4±3.6 
Membrane 2a 57.8±5.7 
Membrane 2b 57.0±2.6 
Membrane 3a 59.1±4.3 
Membrane 3b 58.5±6.2 
Membrane 4a 65.7±1.7 
Membrane 4b 62.2±4.7 
Membrane 5a 55.6±5.9 






B.9 Effective Ion Diffusion Coefficient and Tortuosity of Additional CEMs 
SPPO based functionalized iron oxide [37] nanocomposite CEMs were discussed. 
Effective ion diffusion coefficient (presented as Deff/ D) and tortuosity factor (τ) of all the 
CEMs were calculated. Membrane porosity data was used as the volume fraction of 
electrolyte solution phase in membrane, since they have the same physical meaning, and 
their values were attested to be approximately the same for nanocomposite silica NP 
CEMs. For iron oxide nanocomposite CEMs, porosity data was taken from the reference 
[37]. Membrane ionic resistance in 0.5 M of sodium chloride solution was used to calculate 
the membrane molar conductivity. For iron oxide nanocomposite CEMs, only membranes 
with thickness of 100 µm and 40 min of evaporation time were included in the discussion. 





Table 15 - Porosity of additional nanocomposite CEMs. 
Membranes Porosity [%] 
0-100 T 47.0 
0.3-100 T 52.0 






Table 16 - Effective diffusion coefficient of additional nanocomposite CEMs. 
Membranes Deff/D 
0-100 T 0.020 
0.3-100 T 0.039 




Table 17 - Tortuosity factor of additional nanocomposite CEMs. 
Membranes τ 
0-100 T 23.62 
0.3-100 T 13.39 







Figure 37 - Additional list of diffusion coefficient ratio and tortuosity of discussed 
CEMs. (A) Deff/ D and (B) Tortuosity factor of CEMs with iron oxide (only 
membranes with a thickness of 100 µm are shown; standard deviations are not 




B.10 Simulation of Nanoparticle Aggregation in Casting Solution 
The concentration of nanoparticles added to the casting solution needs to be 
estimated before compared to the diffusivity. For large spherical nanoparticles, it can be 
assumed that the volume of the particle (Vp) is the overall volume of the basic unit (Vunit). 
                                                   unitp NVV =                                                        (34) 
The number of basic unit in a particle is denoted N. If the diameter of nanoparticles (Dp) is 




                                               unitp DND
3/1=                                                      (35) 
Therefore, the number of units (molecules) N in a nanoparticle is [211]: 















N                                                           (36) 





Table 18 - Data of corresponding nanoparticles. 
Nanoparticles 
Diameter (nm) of a 
single unit 
Molar weight (g/ mol) 
of a single unit 
Molar weight of single 
nanoparticles 
Reference 
SiO2 (17 nm) 0.342 60 4.05E+7 This study 
SiO2 (30 nm) 0.342 60 7.37E+6 [117] 
SiO2 (420 nm) 0.342 60 1.11E+11 [113] 
SiO2 (30 nm) 0.342 60 7.37E+6 [41] 







Assumedly, the effective diffusivity is determined by the number concentration of 
nanoparticles incorporated into the polymer structure and the size of the nanocomposite 
structure: 
                                                             neff baD +=                                                    (37) 
The number concentration of nanomaterial groups, ρn, is calculated as the nanomaterial 
numbers in a given volume; a and b here are fitting constants for linear regression. To 
obtain the number of nanoparticle groups after the aggregation of individual particles, we 
also need to know the resulted number of groups given the number of nanoparticles we 
introduce to the casting solution. The characteristic relationship between the amount of 
nanoparticle added and the effective diffusivity can be simulated by a statistical model 
considering the aggregation of nanoparticles in the casting solution matrices. 
The model assumes that at the micro-scale, van der Waals force is the dominating form of 
interactions between nanoparticles [212, 213]. The interaction energies between two 
similar particles can be calculated using van der Waals energy equation from DLVO theory 
expressed as: 









−=                                      (38)
 
where a1 and a2 are the radius of two nanoparticles, A is the Hamaker constant, nonetheless 
different from the value used in common aqueous environment. However, the constant is 
equivalently adjusted as the threshold energy is fit to experimental data as explained in the 
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following; h is the distance between two surfaces of particles, λc is the character wavelength 
(taken as 100 nm generally) [10]. By applying the model, we can get the pairwise binding 
energy of every two particles, assuming only two-body interactions. Because of the high 
viscosity of casting solution, the nanoparticle groups would be stable after formation, 
especially considering the membrane forming after casting of blend solution on a glass 
plate surface. Therefore, formed groups will not dissociate into single particles. An energy 
threshold value has been chosen as a cutoff because the aggregation can only progress 
within a limited time before solvent evaporation which leads to the drying-out. 
 
Algorithm: 
The input of the model is the added particle numbers; the output is the resulted 
number concentration of nanomaterial groups and fit to a linear model to Deff/D. The 
program is coded in Matlab (2016b, education edition, MathWorks®). A certain number of 
particles are initialized randomly with radius and position coordinates in 3-D space. For 
each pair of particles, the van der Waals energy is calculated and the inverse of these values 
are saved as matrix A. A is then used in the agglomerative hieratical clustering algorithm 
with a threshold as the implementation of energy cut-off, and ‘average’ method was used 
for clustering [214]. The resulted group numbers can be obtained by counting cluster 
numbers given the threshold. 
The added particle values are varied and at each value, 50 replicates are recorded. 
The results are shown in Figure 38 indicating the simulation in 1 µm3 space with initial 
particles ranging from 0 to 2500. The particle diameter is normally distributed with a mean 
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of 20 nm and a standard deviation of 1 nm. Fitted values are obtained by minimize the root 
mean square error of averaged simulated values with respect to experimental data. Energy 








Table 19 - Parameters of corresponding nanoparticles. 
Nanoparticles a b Energy threshold (J) Reference 
Silica NPs (unsolfonated) 0.233 0.0117 2.86E-24 This study 
Silica NPs (solfonated) 0.227 0.0134 2.63E-24 This study 
Iron oxide (100 µm) 0.200 0.0083 1.00E-23 [37] 
Silica NPs (30 µm) 0.451 0.0119 1.12E-23 [117] 
Silica NPs (30 µm) 0.579 0.0074 5.05E-23 [41] 






Figure 38 - (A) Deff/ D of sulfonated iron oxide based, (B) Deffm of silica (30 nm) based 
(C) Deff/ D of silica (30 nm) +based, and (D) Deff/ D of silica (420 nm) based 
nanocomposite IEMs as function of loadings (black dots are the experimental results, 
red lines are the average values of simulation, and blue dash lines are two standard 












B.11 Matlab Codes of Simulation Model 
binding_energy.m 
 
function energy = binding_energy(single, whole) 
  
% taking as arguments a 1-by-N vector <single> containing a single 
observation 
% from points, an M2-by-N matrix <whole> containing multiple observations 
from 
% points, and returning an M2-by-1 vector of distances D2, whose Jth 
% element is the force between the observations single and whole(J,:). 
  
%% The following calculation citing Abu-Lail et al. 2003 and Schenkel et 
al. 
% 1960 in Supporting Information 
  
% Hamaker coefficient 
A = 1E-20; 
% distance between centers of spheres 
dist = pdist2(single(2:end), whole(:, 2:end)); 
  
% inter surface distance D = r - R1 - R2 
D = dist' - single(1) - whole(:,1); 
% avoid the negative value if two points are initilized closer than their 
radius combined 
D(D<0) = min(D(D>0)); 
energy = A * single(1)*whole(:,1)./(single(1)+whole(:,1)) ./ D ./ (1 + 










%% Author: Bopeng Zhang; December 30, 2016 
% this script takes experimental data and tries to find the best fitting 
% of energy threshold 
  
clear variables; 
% different weight content of nanoparticles tested in experiments; vary 
for  % different nanomaterials as inputs 
loading = [0, 0.005, 0.01, 0.015, 0.02]; 
% experimental data of effective diffusivity for different loadings 
% vary for different nanomaterials as inputs 
data = [0.4578, 0.7438, 0.8878, 0.9091, 0.9565]; 
% density of membrane in unit g/um^3. We are dealing with 1 um^3 of 
% material only 
rho_m = 1E-12; 
% molar weight of 1 mol of nanoparticles in g/mol 
W_n = 4.05E7; 
% calculating number of nanoparticles originally added 
Av = 6.02E23; % Avogadro number 
np = floor(rho_m / W_n * Av * loading); % number of nanoparticles added 
REP = 10; % replicate times of simulation 
observed = zeros(length(np),REP); 
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threshold = 8.85E22; % initialize the inverse of threshold energy 
RADIUM = 15e-9; % particle redius 
  
old_SS = 10; 
SSresid = 100; 
i = 1; 
step = 1; 
while abs(old_SS-SSresid) > 1E-9 
    old_SS = SSresid; 
    for j = 1:REP 
        i = 1; 
        for number = np 
            if number == 0 
                observed(i, j) = 0; 
            else 
                % first data store radius of particle 
                radius = normrnd(RADIUM, 1E-9, [number, 1]); 
                radius(radius<0) = RADIUM; 
      % random initialization in 1 um^3 
                points = [radius 1E-6*rand([number,3])];  
       % follow the clustering algorithm 
                energy_distance = 1./pdist(points,@binding_energy); 
  
                Z = linkage(energy_distance, 'average'); 
                T = cluster(Z, 'cutoff', threshold, 
'criterion','distance'); 
    % resulted group number is the groups number of clusters 
                observed(i, j) = max(T); 
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            end 
            i = i + 1; 
        end 
         
    end 
    sim = mean(observed, 2); 
     
    % fit a linear regression model and calculate sum of squared residuals 
    p = polyfit(sim', data, 1); 
    yfit = polyval(p, sim'); 
    yresid = data - yfit; 
    SSresid = sum(yresid.^2); 
    fprintf('This is run %d at the cut-off of %.2e; the SSresid is 
%.6f.\n', step, 1/threshold, SSresid); 
    threshold = threshold + 1E21; 











%% Author: Bopeng Zhang; December 30, 2016 
% this script takes the best energy threshold and generates the simulated 
% diffusivity (or effective diffusivity) 
  
clear variables; 
% simulation on 25 points on x-axis 
list = 1:25; 
observed = zeros(50,length(list)); 
% fitting parameters a and b for linear regression; get from fitting.m 
a = 0.451; b = 0.0124; 
% replicate for 50 times 
for j = 1:50 
    for i = list 
        NUMBER = i*15; THRESHOLD = 8.93E22; RADIUM = 15E-9; 
         
        % first data store radius of particle; three coordinates later 
        radius = normrnd(RADIUM, 1E-9, [NUMBER, 1]); 
        radius(radius<0) = RADIUM; 
   % random initialization in 1 um^3 
        points = [radius 1E-6*rand([NUMBER,3])];  
  
        energy_distance = 1./pdist(points,@binding_energy); 
  
        Z = linkage(energy_distance, 'average'); 
        T = cluster(Z, 'cutoff', THRESHOLD, 'criterion','distance'); 
        observed(j,i) = max(T); 
    end 
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    plot(list*15, a+b*observed(j,:),'.'); 
    hold on; 
    display(j); 
end 
  























APPENDIX C.       SUPPORTING INFORMATION FOR CHAPTER 5 
C.1  Derivation of Equation (14) 
In a PRO system, for a conventional thin film composite (TFC) membrane (with 
support layer) (Figure 42a), when water molecules transport across the membrane, the salt 
ions in feed solution are rejected by the membrane active layer. The reflux of the retained 
ions is however hindered by the tortuous membrane support layer and a higher 
concentration of salt ions is found in the support layer. A locally concentrated boundary 
layer then builds up in the support layer, resulting in internal concentration polarization 
(ICP) [159]. At the same time, as water permeates from the feed solution side to the draw 
solution side, the concentrated draw solution side suffers from a dilutive effect, the 
permeated water molecules displace and push the salt ions away from the active layer 
surface [159]. Thus, the salt concentration near the membrane surface decreases 
dramatically, especially when the water flux is high. The phenomenon is referred to as 
dilutive external concentration polarization (ECP). In addition, the concentrative effect at 
the feed solution side deteriorates by the (reverse) salt flux. The salt ions transport from 
the draw solution side to the feed solution side, further increasing the concentration inside 
the support layer. The ICP, ECP and (reverse) salt flux all have a negative influence on the 
driving force. The effective osmotic pressure across the membrane active layer is thus 
[127]: 


















}                                      (39) 
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where πD,m  is the osmotic pressure at the membrane surface on the draw solution side, πD,b 
is the osmotic pressure of the bulk draw solute, πF,m  is the osmotic pressure at the 
membrane surface on the feed solution side, πF,b is the osmotic pressure of the bulk feed 
solute, Jw is the water flux, JS is the reverse solute flux, B is the solute permeability 
coefficient, S is the structural parameter, D is the diffusion coefficient of the draw solution, 
and k is the mass transfer coefficient of the boundary layer for NaCl (calculation procedure 
is shown in Appendix C.2). 
Ideally, water flux equals the water permeability coefficient (A) times the effective 
pressure across the membrane: 
                                                     𝐽𝑊 = 𝐴(𝛥𝜋𝑚 − 𝛥𝑃)                                                         (40) 
where Δπm is the effective osmotic pressure difference, and ΔP is the applied external 
hydraulic pressure across the membrane. The effective osmotic pressure difference (Δπm) 
is the osmotic pressure difference across the membrane active layer (πD,m-πF,m). By 
combining eq (S1) and (S2), equ (14) in Chapter 5 can be obtained: 


















− 𝛥𝑃}                                         (14)                            
C.2  Determination of boundary layer mass transfer coefficient 
        To quantify the influence of CP on water flux and power density, the value of 
boundary layer mass transfer coefficient (k) needs to be determined. The value of k could 
be determined by using boundary layer film theory, which can be expressed as [159]: 
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                                                            𝑘 =
𝑆ℎ⁡𝐷
𝑑ℎ
                                                                (41) 
where Sh is the Sherwood number, D is the solute diffusion coefficient, and dh is the 
hydraulic diameter (2ab/(a+b)). The Sherwood number needs to be calculated before the 




)0.33        (laminar flow)                                                                   (42) 
𝑆ℎ = 0.04𝑅𝑒0.75𝑆𝑐0.33          (turbulent flow)                                                                            (43) 
where Re is the Reynolds number, Sc is the Schmidt number, and L is the channel length. 
The values of the Reynolds number and the Schmidt number are needed to determine the 
type of flow and calculate the Sherwood number: 
                                                                𝑅𝑒 =
𝜌𝜈𝑑ℎ
𝜇
                                                         (44) 
                                                                𝑆𝑐 =
𝜇
𝜌𝐷
                                                             (45) 
where ρ is the water density, v is the velocity above the boundary layer, and µ is the water 
viscosity. The calculated Re indicates the type of flow is laminar flow, so eq (42) was used 
to calculate the Sherwood number. The determined average value of k for the crossflow 





Figure 39 - Tensile test for freestanding GO membrane. (a) Photograph of the 
prepared GOM-1 sample for testing (three samples were tested to obtain average 





Figure 40 - (a) Photograph of the dead-end stirred cell (Amicon Model 8010, 
Millipore). (b) Photograph of the modified cross-flow reverse osmosis testing setup. 
(c) Photograph of the porous spacer (Sterlitech, SEPA CF medium foulant spacer). 
Note: During the cross-flow RO test, a macroporous filter was used to cover the 































Figure 41 - Schematic illustration of forward osmosis (and pressure retarded osmosis) 
membrane testing cell. Note: To stabilize the freestanding GOM (as well as the silicon 
gel pad), a single-sided carbon tape was used at the feed solution side, and a double-













Figure 42 - Schematic view of the osmotic pressure profiles of (a) conventional thin-
film composite membrane (PRO mode, active layer facing draw solution) and (b) 







Figure 43 - The calculated theoretical power density of the GOM-1 as a function of 










Figure 44 - Plots of the commercial TFC membrane power density as a function of 
hydraulic pressure in PRO system, with solutions of different NaCl concentrations 
acting as working solutions. The concentration of feed solution is 0.017 M of NaCl. 
(The solutions with concentrations of 0.017 M, 0.5 M, 1 M and 3 M represent river 
water, seawater, seawater brine (50% recovery) and hyper brine, respectively. The 
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APPENDIX D.       SUPPORTING INFORMATION FOR CHAPTER 6 
D.1  Energy efficiency of the osmotic heat engine 
D.1.1. Energy efficiency of the osmotic heat engine 
The osmotic heat engine energy efficiency equals the electricity generated from the 
electricity generation component divided by the thermal energy consumed in the thermal 
separation process: 
                                                                  𝜂 =
𝑃
𝑞𝐻
                                                                    (46) 
where P is the electricity generated from the electricity generation component, and qH is 
the thermal energy consumed in the thermal separation process.  
The electricity generated from the electricity generation component can be 
expressed as: 
                                                                𝑃 = 𝑊𝐴𝑡                                                         (47) 
where W is the membrane power density, A is the membrane area, and t is the operation 
time. The thermal energy consumed can be divided into two different types of energy: 1) 
the energy needed to increase the feed solution effluent stream (Ffeed, out) temperature from 
room temperature to the temperature of the thermal source and 2) the energy needed to 
evaporate the solvent from the feed solution to regenerate the solutions. The energy needed 
to increase the solution temperature is related to the water flow rate and the temperature 
difference. The energy needed to regenerate the solutions is related to the flow rate and 
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concentrations of the solutions. By carefully considering the osmotic heat engine process 
(Figure 46), the thermal energy consumption can be described as: 
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑞𝐻 = 𝑐𝑃𝑄(𝑇𝐻 − 𝑇𝑟𝑜𝑜𝑚) + 𝛽𝐽𝑊(𝑐𝑑 − 𝑐𝑓)𝐴𝑡                          (48)                                                                                        
where cp is the specific heat capacity of the feed solution, Q is the water flow rate across 
the membrane (Figure 46), TH is the temperature of the heat source, Troom is the room 
temperature (25 °C), β is the specific heat duty of ammonium bicarbonate, Jw is the water 
flux across the GOM, cd is the concentration of the draw solution, and cf is the concentration 
of the feed solution (normally assumed to be zero). To enhance the efficiency of the thermal 
separation, a heat exchanger is utilized to recover the latent heat accumulated in the feed 
solution flowing out from the heat source [181]. The recovered heat can then be applied to 
heat up the subsequent feed solution stream (Ffeed, out). By assuming the efficiency of the 
heat exchanger is close to 1, the thermal energy consumption can be simplified: 
                                                         𝑞𝐻 = 𝛽𝐽𝑊(𝑐𝑑 − 𝑐𝑓)𝐴𝑡                                            (49) 
Combining equations (46), (48) and (49) gives: 
                                                         𝜂 =
𝑊
𝛽𝐽𝑊(𝑐𝑑−𝑐𝑓)






Figure 45 - Schematic illustration of the modified RO testing cell for determining the 
membrane water permeability coefficient (A) and salt permeability coefficient (B). 
The porous frit was replaced by a porous mesh-type SEPA CF medium foulant spacer 










Figure 46 - Schematic illustration of the osmotic heat engine process. A heat 
exchanger is utilized to recover the latent heat accumulated in the feed water flowing 
out from the heat source. Q is the water flow rate across the membrane. A stream F1 
ensures a mass balance of the water in the system, and the flow rate of F1 equals the 














Figure 47 - Additional information on the freestanding GOM. (a) Photograph of the 










Figure 48 - Supplementary information on the power generation of GOM. (a) Power 
density values of the GOM with the change of applied hydraulic pressure and (b) 
energy efficiency values with the change of the applied hydraulic pressure. Several 
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